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Abstract 
The aim of the research reported in this thesis was to improve the understanding of 
footwear and soft ground interaction and, in particular, its mathematical modelling. 
The work was undertaken for the Military Footwear Section of the MOD's Defence 
Clothing and Textiles Agency (DCTA) who funded the research is conjunction with 
the Engineering and Physical Sciences Research Council (EPSERC). Although 
research has been carried out on the interaction of footwear on firm surfaces, minimal 
work has previously been carr ied out on softer surfaces often encountered in combat 
situations and little effort has been applied to its mathematical modelling. The research 
programme included the development of mathematical models using soil mechanics 
theory, and experimental work using a soft-ground slip-rig. 
The prototype soft-ground footwear slip-rig that has been developed is a manually 
operated device based on simple mechanical mechanisms using weights and pulleys. 
The rig enables the measurement of traction and sinkage for different soil types, sole 
materials and tread geometry, at various angles of heel contact and applied vertical 
load. All experimental work has been carried out with the use of scaled up cleats to 
obtain measurable results. 
An investigation into three dimensional end effects has determined at what cleat length 
the problem becomes two dimensional. The experimental results have shown the 
effects of cleat geometry on total cleat traction for sand, and in particular the geometric 
characteristics that promote and reduce traction. These results have been analysed 
using Taguchi's Analysis of Variance technique. Traction distribution experiments 
have determined the proportion of traction obtained from different cleat areas. 
Soil mechanics theory, and in particular Coulomb's retaining wall theory, has been 
applied in the theoretical modelling of footwear and soft ground interaction. A two 
dimensional total traction model has been developed using MATLAB software and 
experimental and theoretical results have been compared. The traction versus cleat 
geometry trends for both the experimental and theoretical results were in good 
ageement. 
xviii 
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2. Literature Review 
2.1. Introduction 
Prior to the start of the research it was known that little work existed on the topic of 
foot interaction with soft, natural surfaces. Therefore, the airn of the literature 
review was to investigate existing works on foot interaction with both hard and soft 
surfaces and assess if any of the literature was relevant to the study. The literature 
review was also the starting point for the research and an opportunity to gain an 
understanding of the related subjects. 
In the initial background literature study, it was necessary to gain an understanding 
of unfamiliar topics such as biomechanics with particular emphasis on the foot, gait 
analysis, footwear design, foot and ground interaction and soil mechanics. During 
this initial study a number of texts were found to be very useful. For the study of 
biomechanics and gait analysis the following texts were most valuable: Inman et al 
[1], Rose and Gamble [2], Whittle [3] and Rogers [4] where an understanding of 
the basic principles of human walking and foot function was gained. For the study 
of footwear and ground interaction the texts that were found to be most helpful 
were Cavanagh [5], Frederick [6] and Nigg [7] where the effects of shoe design and 
characteristics of playing and running surfaces in sport were analysed. The texts 
that have been most helpful in understanding soil mechanics include those by Craig 
[8], Smith and Smith [9], Spangler and Handy [ 10] and Whitlow [ 11 ]. 
Having completed the initial background literature study, and established an 
understanding of the basic concepts required for the research, it was decided that 
the two main topics for literature investigation were foot and ground interaction 
and soil mechanics, the findings of which are now discussed. 
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2.2. Foot-Ground Interaction 
There are many different aspects to foot-ground interaction such as ground reaction 
force analysis, traction, gait analysis and interaction modelling to enhance sporting 
performance, analyse pathological disorders or reduce accidents and injury for 
example. For this research the traction aspect is of greatest importance. 
Studies of walking on different terrains, including sand and snow, have been 
carried out to investigate its effect on walking speed, gait and energy expenditure 
[12,13,14,15]. Terrain coefficients were then developed to correct for the type of 
surface traversed in energy expenditure analysis. 
Many personal injuries occur from slipping and falling each year. Research on the 
causes of slip and fall accidents is made difficult due to little information being 
available on the number of injuries and the circumstances that cause them. 
Manning et al [16] estimate that there must be more than one million injuries per 
annum from slipping in the UK alone, there were 13.6 million recorded in the 
United States. Many factors contribute to circumstances surrounding these 
incidents such as activity at the time, age and physical condition of the person 
involved, the surface on which the slip occurred, the type of footwear wom and 
other environmental factors for example contamination or extreme temperature. 
Research and testing has therefore been carried out to measure the coefficient of 
friction of floor and walkway surfaces, sport playing surfaces, shoe soling materials 
and the effect of different tread patterns. The effect of contamination on friction has 
also been explored. This review of foot-ground interaction is separated into two 
sections, the first being hard surfaces which has been well studied and the second 
being soft, natural surfaces which is much less documented. 
As part of the review an investigation into walking machines was carried out to 
find out how they interacted with different terrain surfaces and in particular how it 
was modelled. Unfortunately this was unsuccessfid due to very limited research 
having been done in this area. Very few models were found and they were based on 
either trajectory planning or a "go" and "no-go" stability algorithm [17,18,19], 
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therefore this study was not continued. It also emphasises the need for further work 
in that particular area which might be aided by this research. 
2.2.1. Hard Surfaces 
Much work has been carried out to investigate the interaction of footwear with hard 
surfaces encountered in every day situations. Wilson and Russel [20] reviewed slip 
resistance assessment discussing both footwear and floor surfaces. Friction tests 
were divided into three types: subjective tests, biomechanically based machine tests 
and simple machine tests. The subjective tests although valuable are time 
consuming and may be influenced by the individual subject, however, for some 
research requirements there is perhaps no alternative. Biornechanical machine tests 
airn to reproduce the slip conditions when walking, like the test equipment used at 
SATRA, which simulate heel and toe slip. The simple machine tests are mostly 
employed to test floorings and are only capable of measuring the friction 
coefficient between floor and soling materials. 
Studies of testing equipment to measure the friction coefficient of floor surfaces 
include that of Brough, Malkin & Harrison [21,22] who designed a small portable 
machine for use in situ. It was developed from earlier research using an adaptation 
of the Eldridge machine, a slider of various shapes and materials mounted on a 
small trolley to determine friction coefficients of samples and floors, suggested by 
Childs and Tabor [23]. They observed that slip actions occur from the heel slipping 
forwards on heel-ground contact, the toe slipping backwards at toe-off when 
pushing the body forwards and, during turning, slipping of the ball of the outer 
foot. Heel slip was of most concern. due to the severity of possible injury, therefore 
examination of foot contact with the floor was carried out. This suggested that the 
friction of the contact area of the heel is probably more important than friction 
properties of the sole. 
Harper, Warlow and Clarke [24,25] concluded from abrasion and slipperiness 
testing that, for safety, the coefficient of friction between floor finishes and shoe 
soling materials should not be less than 0.4, this is supported by the work of 
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SATRA [26,27], and that the risk of slipping on stairs is much less than on the 
level. This however may be due to extra precautions taken during walking on stairs 
because the consequences of slipping are much greater. Pooley [27] compared 
several friction testing devices using a variety of soling materials and floor surfaces 
before selecting the James machine invented in 1945 by Dr. Sydney James. The 
James machine was selected to fulfil the need for a commercially available 
machine to measure comparative static coefficients of friction of shoe sole and heel 
materials and the effect of contamination. 
Wilson [25,26] reports testing using the SATRA Friction Tester including results 
of studies on the relationship between soling material hardness and measured 
friction. For example, smooth PVC soling friction decreases with increasing 
hardness on a dry surface but increases to a certain level on a wet surface whilst 
vulcanised rubber tests indicated hardness was less significant. A tread pattern, 
however, reverses the hardness effect on the wet surface, giving results comparable 
with smooth PVC in the dry. Other results show the significant effects of abrasion 
of solings and floor surfaces on slip resistance and the key contribution of surface 
roughness to wet friction, for example, PVC wears to a polished finish, whilst 
others feather or roughen. The work of SATRA also illustrated good tread pattern 
design characteristics, also supported by the work of Shuh-Technik [29], stating the 
importance of cleats wearing to produce a flat profile, to maximise contact area, the 
influence of material type and hardness on the effectiveness of the tread pattern and 
the effect of surface texture. 
Manning, Jones & Bruce [16] discuss their research on the cause of slipping, slip 
resistance and the effects of contamination and abrasion. The aim of the study was 
to confirm that certain footwear materials carry a greater risk of slipping and to 
find the most suitable footwear for the environment taking into account both slip 
resistance and durability. Testing of different soling materials was carried out using 
subjects working at a factory with oil and water contaminated floors. Tests were 
performed on issue of the footwear and at fortnightly intervals thereafter. The test 
rig consisted of a polished steel plate on which the subject stood that could be 
tilted. The plate was wiped in oil and the plate tilted until the subject slipped. 
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Forward and backward angles of slip were measured. The tests were repeated 
having wiped the boots with paper to remove loose dirt and swarf During the three 
and a half year experiment over 1000 measurements of slipping angles were taken, 
using a variety of boots with different solings and amounts of wear. 
Perkins [30] also suggests slip is most likely to occur during the landing phase of 
gait, and presents a technique for measuring slip under normal walking conditions. 
Subjects were asked to walk along a high friction surface onto a low friction 
surface mounted on a force platform. Subjects that slipped were restrained by a 
safety harness. The force exerted between the shoe and the ground was measured 
using a multi component Force Measuring Platform (Kistler Type 9261A) and 
angular and positional foot movement was measured using multiple-image, light- 
interrupted photography. Slip was examined whilst subjects wore a variety shoes 
with different soling materials and wear on different floor surfaces. 
A coefficient of friction of 0.3 to 0.4 [26,27] is used to assess many types of 
footwear as this corresponds with the highest ratio of horizontal to vertical force, 
normally recorded in gait studies. This means that a coefficient of friction between 
a shoe and a surface below 0.3 indicates slipping is likely to occur, the risk of slip 
occurring increasing as the coefficient of friction decreases. When the coefficient 
of friction is greater than 0.3 to 0.4, the risk of slipping reduces. In sports, 
mountaineering and other alpine activities and industrial applications, friction 
becomes even more important due to the high reaction forces generated. The 
coefficient of friction values are therefore required to be much higher than those of 
everyday footwear. Due to so little information available about the interaction of 
footwear with the alpine environment, the required values of the coefficient of 
friction are not defined, and therefore require considerable research. In sports, 
however, great attempts have been made to analyse the friction between playing 
surfaces and footwear and the ground reaction forces generated relating to the 
aetiology of sports injury and enhancement of performance. 
Footwear used in sports necessitates the need to develop high traction forces to stop 
and start, accelerate and decelerate quickly, run fast, turn and cut and jump. The 
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two main types of friction are translational and rotational which are well defined by 
Frederick [3 11. A good example of a foot and hard surface interface is in basketball 
where too little traction will affect a player's performance and slip may occur, and 
too much traction could result in injury by inducing excessive torque. Therefore, in 
the design of a basketball shoe outsole, a compromise must be made between the 
performance of the player and the protection from injury. 
Valiant [32] assessed a variety of sole patterns by testing translational and 
rotational traction with a device that could resemble actual loading conditions. 
Friction was shown to be dependent on material and surface area in contact with 
the playing surface. The study aids the development of a shoe sole design that 
maximises translational friction but minimises rotational friction. This work is 
complemented by Rheinstein et al [33] who investigated the effects on traction of 
basketball shoe outsole composition and hardness on three types of playing 
surfaces (clean hardwood, dusty hardwood and artificial gymnasium flooring). It 
was concluded that traction was dependent on player weight, playing surface, 
outsole material and outsole hardness and that further investigation was required. 
Frederick [31] concluded many sport playing surfaces have greater friction than 
required for effective sports performance and that sports shoes should have a 
translational friction coefficient of 0.8 on the typical surface for which it is used 
and exhibit minimal rotational friction. Also, torque significantly exceeding 10 to 
12 Nm increases the risk of injury due to excessive torsional strain. This may be 
compared to an optimal friction value of 0.5 for a clay surface in tennis, determined 
by Nigg and Segesser [34]. 
2.2.2. Soft Surfaces 
The interaction of footwear on a soft surface must be considered separately from 
that on hard surfaces. Torg and Quedenfeld [35] were amongst the first to study 
knee and ankle injuries in football. They found that the frequency and severity of 
injuries was higher for players using conventional football shoes with seven 19mm 
long cleats of diameter 9.5mm than players using shoes with fourteen 9.5mm long 
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cleats of diameter 12.5mm. The cause of such injuries is excessive frictional forces 
due to foot fixation, especially in contact sport; this has been widely reported. 
One of the possible ways to reduce translational and rotational friction is to 
increase the number of cleats [33]. The amount of friction generated by the shoe 
and the surface has been found to be dependent on contact area for natural turf and 
artificial turf, Van Gheluwe [36], Schlaepfer et al [37] Bonstingl et al [38], and 
Nigg and Yeadon [39] and Smith et al (40). This however violates classical friction 
theory, which states that friction is linearly related to normal load and is 
independent of contact area. 
Both Van Gheluwe and Bonstingl et al tested a variety of tread patterns from metal 
studs to multi-cleated moulded soles to hard court un-cleated shoes on natural turf 
(Bonstingl only) and artificial turfs. Both tested with the shoe in the flat position 
and with only the stud tips in contact with the surface using a weighted artificial 
limb fitted with a sports shoe impacted by a weighted pendulum to produce 
instantaneous torque. The turf was mounted on a force platform, artificial turf using 
adhesive onto backing boards and natural turf encased in wooden pallets, and strain 
gauges were mounted on the limb. The static load on the leg, the foot stance 
(weight on ball of the foot, the weight on heel and equal distribution of weight on 
both the ball and heel), the energy of impact, shoe type and sole design (including 
cleat design and configuration) and the playing surface were all investigated. 
In Van Gheluwe's study the largest number of small rubber studs showed the most 
traction on artificial turf while metal studs showed the least. In Bonstingl's study 
metal studs produced the greatest torque on natural turf for which they were 
designed. The multi-cleated shoe generated approximately the same amount of 
torque on natural and artificial turf Non-cleated shoes produced minimal torque on 
all surfaces tested. Both studies concluded friction was dependent on shoe type, 
playing surface, contact area and load. 
It is apparent from these studies and that of Torg and Quedenfeld [35] and Valiant 
[41] that friction increases with cleat height. Obviously, friction and foot fixation 
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increases with increased cleat penetration into the surface. This has been further 
discussed by Milburn. and Barry [42] with regards to the reduction of injury in 
rugby union. Injury in rugby is caused by poor technique and corrective movement, 
also discussed by Frederick [43], as well as foot fixation during contact. In rugby 
union limits to cleat dimensions and wear are necessary to prevent injury to other 
players but should also be required for reduction in injury to the user. In their work 
the difficulty of recommending optimal footwear types, stud dimensions and 
configurations is highlighted due to the nature of the natural playing surface which 
has so many variables. The field surface can even change during a game. Therefore 
detachable studs of varying lengths have been recommended in the study. This will 
also eliminate the problem of different field positions that have different footwear 
requirements. 
This study in particular illustrates many similarities with the military footwear 
requirements where different military personnel will have different footwear needs 
which can vary depending on surface and ground hardness, weather, load carriage 
etc. The work also discusses comfort, shoe construction, foot function and 
orthopaedic demands. 
The desire to reduce the influence of external factors on natural playing surfaces as 
well as make maintenance easier and cheaper has led to the construction of 
artificial surfaces. This is well documented, but in turn has created its own new 
problems with regards to injury, Ekstrand and Nigg [44], Heidt Jr. et al [45] and 
Bowers Jr. and Martin [46]. Valiant [47] investigated ground reaction forces on 
artificial turf to determine minimum traction requirements. Subjective tests were 
carried out with the same pair of football shoes, the right shoe of each subject was 
also tested using a traction device as described in Valiant [32]. It was concluded 
that translational friction properties should be reduced thereby reducing rotational 
friction also. The rotational friction should be minimised which has been stated so 
often in previous works. 
The recent work of Barry and Mibum in traction of footwear on natural surfaces is 
the most relevant work to this study. The need for soil mechanics since the classical 
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laws of friction do not apply to footwear interacting with natural surfaces has been 
discussed [48]. Soil is described as a mass of discrete particles that are not strongly 
bonded together and are relatively free to move with respect to each other. It is 
usually subjected to rain so pore spaces between soil particles can be partly filled 
with water and the rest of the space with air, depending upon saturation. As load is 
applied to the soil via the outsole and cleats, the soil particles respond by 
deforming, whether it be by compression, bending or sliding. Sliding has the most 
significant effect, and is non-linear and irreversible. 
Barry and Milbum discuss friction and traction characteristics at a molecular level, 
including the following effects: 
Adhesion- the formation and rupture of bonds 
Ploughing- harder asperities plough through softer surfaces (contributing to wear) 
Deformation- rigid plastic theory 
Static friction 
The failure criterion of Coulomb and failure zones were also discussed. External 
forces that cause sliding within soils are resisted by friction and bonding forces 
between particles. If applied loads become sufficiently large, soil failure occurs 
along an undefined slip plane and the soil slides as a failure wedge. 
A device to measure traction load-deformation properties at the footwear-surface 
interface was introduced. Results for three surfaces tested were typically non-linear 
and provided the interface parameters, traction force, displacement and interface 
material stiffhess. Sliding was found to be dependent upon soil behaviour and shoe 
sole deformation. Regarding soil failure with studs, a slip plane was observed 
during testing. Rear studs were seen to initiate the slip plane in sand, and front 
studs were seen to 'piggyback' the wedge of sand created by the soil shear. Plastic 
equilibrium theory was used to estimate the failure load. However, during tests 
with turf, there was no visual slip plane. It was also difficult to test with turf 
because of the different types and variable conditions. The traction function of turf 
was considered to be dependent upon the substrate, however, traction force was 
found to continually increase rather than reach a maximum Failure of soil was also 
initiated at the rear cleats. Testing with clay has so far been unsuccessfid. 
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Barry and Milburn have also presented a computer controlled footwear traction 
testing device [49] that measures the translational force (up to a maximum of 
3000N) or rotational torque (up to a maximum of IOONm) developed between 
footwear and natural or artificial surfaces. The device was designed at the Nike 
Sports Research Laboratory [32]. It is based on the direct shear test used for 
measuring soil properties. Traction measurements made from carefully designed 
mechanical devices are preferred to human subjects because of reduced variability 
in results. The device enables slide rate (0.1-80 mm/s range) and displacement of 
footwear to be precisely controlled in either translation or rotation. A vertical load 
of up to 150kg may be applied but 40kg is used. Vertical displacement of the boot 
is also measured (to within 0.1 mm) as it passes over the test surface. The traction 
data was fitted by a non-linear regression analysis technique using an exponential 
model. Exponential functions are used by Wong, 1989 [50] to study traction 
performance of vehicles in terrarnechanics and by Barry and Milburn [5 11 to obtain 
maximum traction force and other boot - surface interface parameters. The results 
of a test provide traction force-displacement curves for an interface material, which 
provide particular interface parameters: maximum traction force, displacements 
versus corresponding traction forces and overall interface material stiffness. Each 
footwear-surface combination has unique interaction properties so it is therefore 
necessary to understand these properties. Barry and Milburn have carried out 
approximately 2000 tests using sand ('ACI sports 40' specification), Netlon mesh 
reinforced turf and natural river loam turf. For tests with sand, traction was found 
to increase with moisture content. For tests with Netlon and loam turf, data with 
respect to variable moisture content is obtained. Generally, traction was found to 
vary between boots, slide directions and surfaces. To study cleat/stud configuration 
an outsole with slots is used so that different cleats may be inserted into slots to 
vary cleat configuration, cleat sizes and cleat shapes. The traction device enables 
flat foot sliding, toe slip, heel slip and medial/lateral slip to be tested. 
This research was discussed further when four rugby football boot types were 
tested using the footwear traction testing device (51). A combination of tests were 
carried out using the three surfaces mentioned previously, the four boot types, 
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variable moisture contents (nine with sand and five with turo and boot orientations 
to obtain braking, acceleration and sideways traction forces. 
The exponential model fitted the data for sand, but for the Netlon and loam data the 
model was limited. For sand, traction was seen to increase with moisture content 
but for turf, no obvious relationship was seen. Traction was found to vary with 
each boot type, boot orientation and surface. 
It may be concluded that Barry and Milbum use soil mechanics theory to 
descriptively explain footwear traction on natural field surfaces. Their research 
focuses on the effect of cleat and stud configuration on traction on different playing 
surfaces, with the aim of matching cleat/stud configuration to a particular playing 
surface and field position to maximise performance and minimise injury. Their 
work uses an experimental approach, measuring traction of various football boot 
types of different orientations on various surfaces. The work reported in this thesis, 
however, has used soil mechanics theory to develop mathematical models to 
investigate the effects of cleat geometry on traction on soft surfaces. The 
mathematical modelling results are verified using the experimental results obtained 
from the soft ground test rig. 
The foot-ground interaction literature to date has demonstrated that hard surface 
interaction has been well researched but soft surface interaction has received far 
less attention. The work with soil and turf has aimed to maximise performance but 
minimise injury in contact sport by optimising cleat configurations. It may 
therefore be concluded from the literature found that there is little to base this 
research on, and that it is necessary to investigate alternative areas. 
2.3. Soil Mechanics 
Since the study of foot-ground interaction has shown little suitable research on soft 
surfaces it was necessary to investigate other fields, terramechanics for example. 
Terramechanics is the study of the performance of a machine in relation to its 
enviromnent, the terrain, pioneered by M. G. Bekker in the 1950's. Terramechanics 
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can be divided into two main branches, terrain-vehicle mechanics and terrain- 
implement mechanics, Wong [52]. 
In 1956, Bekker stated "The biped type of locomotion is substituted for by some 
sort of geometric pattern. The only pattern of this kind which would be close 
enough to the mechanics of a walk appears to be the rolling of a polygon, in which 
the centre of gravity is consecutively dropped and lifted up" [53]. He also stated 
that the smaller the steps, the more sides to the polygon, and the closer it 
approaches a circle. It may therefore be concluded that biped locomotion 
approximates the motion created by a wheel. Walking may be likened to the rolling 
of a rimless wheel, the spokes supporting the load. It has also been shown by 
Bejune et al [54], that walking may be simulated by rolling. Therefore the branch 
of terramechanics of most interest is terrain-vehicle mechanics, which deals with 
tractive performance of a vehicle over unprepared terrain whereas terrain- 
implement mechanics deals with the performance of soil working machinery used 
in agriculture for example. 
Much research has been carried out on the interaction between soil and wheels, 
particularly by Wong and Reece [55,56,57] and Onafeko and Reece [58]. Wong 
and Reece studied the behaviour of soils beneath rigid wheels, further developing 
the work of Bekker, and were able to predict the performance of the rigid wheel 
based on this analysis. They investigated the effect of thin and wide wheels on sand 
and clay and were able to show that the behaviour of soil beneath a rolling wheel 
conforms to the basic principles of soil mechanics as developed by Coulomb [59], 
Terzaghi [60,61,62] and others. The analysis of soil stress and deformation beneath 
rigid wheels carried out by Onafeko and Reece takes into consideration soil flow 
whereas Bekker's theory does not. Bekker's theory, applicable to all soils, was 
based on two simple tests and semi-empirical equations. Muro [63] has presented a 
new method for better prediction of the tractive performance of a rigid wheel on 
soft ground by taking into account the effects of the rolling locus of the wheel. 
Further work was carried out to investigate tyre-soil interaction to predict tractive 
performance by Foda [64] using a tribology model. Baladi and Rohani [65] derived 
a mathematical model of the interaction of tyre and soil, and Mahmoud and Dwyer 
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[66] developed two dimensional models of different interface shapes to take into 
account both soil and tyre deformation. The works that have been mentioned here 
and many others are examined by Plackett [67] in a historic progression of tyre-soil 
force prediction methods. Other particularly useful studies include the appraisal of 
terrain characterisation techniques by Shoop [68] for vehicle traction studies 
concentrating on field measurement of strength related properties of soil, snow, 
muskeg and vegetation. Dwyer et al [69] studied the tractive performance of an 
experimental rubber track unit compared to a tractor tyre in various conditions and 
with different track tread patterns. Okello et, al [70] completed a comprehensive 
review of soil strength characterisation techniques for the prediction of terrain 
vehicle performance. 
Since the underlying soil theory of Bekker [53,71] used in terrarnechanics was 
actually based upon the soil mechanics work of Terzaghi [60] used in civil 
engineering, it was therefore appropriate to use the original civil engineering soil 
theory for this research. For this reason, theoretical soil mechanics is reviewed in 
detail in chapter 3. 
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A Review of Theoretical Soil Mechanics 
3.1. Introduction 
Since the study of foot-ground interaction has included very little research on soft 
surfaces it has therefore been necessary to investigate other fields, terramechanics 
for example. Terrarnechanics is the study of the performance of a machine in 
relation to its environment, the terrain, pioneered by M. G. Bekker in the 1950's. 
Terramechanics can be divided into two main branches, terrain-vehicle mechanics 
and terrain-implement mechanics. Of most interest is the terrain-vehicle 
mechanics, which deals with tractive performance of a vehicle over unprepared 
terrain. It was found that the underlying soil theory of Bekker [53,71] used in 
terramechanics is based upon the soil mechanics work of Terzaghi [60] used in 
civil engineering. It was therefore appropriate to use the original civil engineering 
soil theory for this research. 
This chapter reviews the existing soil mechanics theory, which was used as a 
modelling base and adapted for foot-ground interaction as reported in chapter 4. 
The passive earth force, Pp, is defted as the resistance of soil against the forces 
which tend to displace it at the point of plastic failure. Whereas passive earth force 
is the resistance to displacement, the active earth force, P,,, is the thrust of soil in 
expansion; as a retaining wall is moved away from a mass of soil, expansion of the 
soil will occur. From a civil engineering point of view, passive earth pressure is 
utilised as a support for structures which have horizontal and vertical forces acting 
on them, for example, retaining walls and support footings for buildings. In the 
vertical direction, whether support footings for a building or cleats on a boot sole, if 
the load exceeds the ultimate bearing capacity of the soil, sinkage will occur. The 
stability of almost any lateral earth support and the bearing capacity of shallow 
foundations is dependent to some extent on passive earth pressure. By evaluating 
the magnitude and location of these forces, it was expected that the prediction of 
64 slip or stick" for different boot treads would be possible for different terrain 
conditions. 
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3.2. Shear Strength 
Throughout this research, drained soil has been considered, and therefore the 
effects of pore water pressure, u, have not been discussed. The stress considered 
within the soil mechanics theory and the mathematical modelling is referred to as 
effective stress, a, defmed by Terzaghi in 1943 [60]. Effective stress is the average 
stress transmitted through the soil via the inter-granular contacts only, i. e. the 
skeleton of soil particles. The total stress is equal to the effective stress via the soil 
plus the pore water pressure: 
a, = a- u (3.1) 
If a soil is saturated, then the voids between the soil particles are full of water 
instead of air so when an external stress, cr, is applied to the soil, the pore water 
pressure would immediately increase. If the soil is drained, the water would then 
flow away and the pore pressure reduce to zero so that the applied stress would 
then be transferred entirely to the granular structure. If pore water pressure is zero, 
the effective stress, cl, is equal to the applied stress, a. 
Soils exhibit cohesive, adhesive and frictional properties. Cohesion, c., is the shear 
stress between soil particles irrespective of the normal pressure exerted by one 
particle upon another. Adhesion, c,, is the shear stress between a retaining wall 
surface and the soil irrespective of the normal pressure exerted by one upon the 
other. Friction is the shear stress between soil particles or between a wall and soil, 
and is proportional to the normal pressure exerted. When soil shears, the resultant, 
r., of the friction stress and the stress normal to the soil shear line, (7,, acts at an 
angle 0 from the normal. When soil slides over a wall the resultant, r, -, of the 
friction stress and the stress normal to the wall, o-,, acts at an angle 8 from the 
normal. The friction component of the resultant, r, is a, tano for soil and a, tan8 for 
a wall where 0 is the friction angle for soil and 5 is the friction angle for the wall 
and soil. 
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To evaluate the stability of soil masses the shear strength of the soil is required. If 
at any point within the mass the shear stress becomes equal to the shear strength of 
the soil, failure will occur at that point. The state of stress may be represented by a 
Mohr circle, see figure 3. L An infinite number of circles may satisfy the conditions 
for elastic equilibrium as long as they intersect the principal stress, U3, on the 
horizontal axis. A state of elastic equilibrium is when a small change in stress 
produces a corresponding reversible change in strain. Ile shear strength of a soil at 
a particular point and in a particular direction may be expressed by Coulomb's 
shear strength equation: 
r, = c, + a, tano (3.2) 
where, c, and ý (cohesion and the friction angle) are the shear strength parameters. 
Similarly the shear stress between the soil and the retaining wall or boot cleat may 
be represented by rc = cc + oic tano5 In figure 3.1, Coulomb's equation (equation 
3.2) is represented by the straight-line failure envelope. If the Mohr circle touches 
the failure envelope it represents plastic equilibrium and shear failure occurs. 
Plastic equilibrium is when irreversible strain occurs at constant stress. In this case, 
Fig. 3.1: The Mohr circle representing the state of stress at failure in a 2D element. 
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from the geometry of the circle and shear line in figure 3.1, expressions can be 
derived for the shear strength and the angle, co, of the shear planes [8,11]. 
3.3. Rankine's Theory 
Effective stress increases or decreases with the corresponding change in diameter 
of the Mohr circle. With lateral expansion, plastic equilibrium occurs at the 
minimum value of horizontal stress, of the circle; with lateral contraction, 
failure occurs at the maximum value, a,, P', as illustrated by figure 3.1. Rankine 
referred to these as active and passive states respectively. The magnitude of, o. ' or 
aip', depends only on the shear strength of the soil and the vertical stress, a.. '. 
Rankine's theory of passive and active earth pressure considers the state of stress in 
soil at the point of shear failure. For passive earth pressure as a vertical wall or 
cleat moves against a mass of soil, lateral compression of the soil will occur, thus 
the horizontal stress, a, ., will 
increase until shear failure. At this point the Mohr's 
circle contacts the failure envelope, as shown in figure 3.1, o,, is the major principle 
CrZ 
--OF- CF, 
45 + 0/2 
(a) Passive Rankine state 
w= 45 - 0/2 
(b) Active Rankine state 
Fig. 3-2: The passive and active Rankine states. 
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stress, ol, and a.. =F is the minor principle stress a3, where r is the unit weight of 
the soil (N/mm3). This condition is plastic equilibrium where the failure planes or 
slip lines are inclined to the principal planes by an angle w as shown in figure 3.2. 
In the case of a vertical wall, the passive earth pressure acting on the wall at failure 
is equal to: 
Kpyz 
(Kp = coefficient of passive earth pressure and y= unit weight of soil) 
In the case of a vertical wall, the active earth pressure acting on the wall at failure 
is equal to: 
a, = Kaýz 
(& = coefficient of active earth pressure) 
When the horizontal stress becomes equal to the passive pressure the soil is then 
said to be in the passive Rankine state, as shown in figure 3.2(a), where there are 
two sets of failure planes each inclined at (45* +ý /2) to the vertical. When the 
horizontal stress becomes equal to the active pressure the soil is then said to be in 
the active Rankine state, as shown in figure 3.2(b) where there the two failure 
planes are inclined at (4511 -ý /2) to the vertical. The active and passive states are 
the two limiting states for the equilibrium of a soil. Every intermediate state, 
including the state of rest when elastic equilibrium with no lateral displacement 
occurs, is a state of elastic equilibrium. 
If a uniform vertical load, q say, was applied to the surface it would be assumed 
that the vertical stress would increase by that amount: 
At depth, z: 
az=p+q and cr, =&(p+q) 
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Therefore horizontal stress is increased by either K,, q or Kpq. 
The Rankine theory originally dealt with granular soils only (c, = c, = 0), neglects 
wall friction, and it assumes a serni-infinite mass. However, in 1915, Bell based a 
solution on Rankine's approach to allow for a cohesion intercept on the shear axis 
(figure 3.1). Rankine's theory does provide analysis based on simple calculations 
but does impose limitations and consequentially, large errors. It is based on vertical 
retaining walls with a smooth surface, so does not consider the friction between the 
wall and the soil or ihe sloping of the wall. It also assumes that the yielding of the 
whole structure is like the yielding of a small element. With the limitations of the 
technique an overestimation of passive pressure occurs. Coulomb's theory 
overcomes some of these problems, by assuming a wedge of soil to move up or 
down the wall face and along a failure plane. 
3.4. Coulomb's Retaining Wall Theory 
3.4.1. Passive Case 
Coulomb's theory of passive earth pressure considers the stability of a soil wedge 
between a retaining wall (or boot cleat) and a failure plane. The passive force 
between the wall and the wedge may be determined by consideration of the 
equilibrium of forces acting on the wedge on the point of sliding up the failure 
plane. Figure 3.3(a) shows the forces acting on the soil wedge between a wall 
surface AB, inclined at an angle 0 to the horizontal, and a trial failure plane BC, at 
an angle a to the horizontal. The soil surface AC is inclined at an angle fl to the 
horizontal. The Coulomb theory may be used for soils in which the soil shear 
parameter c, (cohesion) and the wall adhesion parameter c, may be equal to or 
greater than zero depending on soil type. 
The failure condition implies the soil wedge is in equilibrium under its own weight 
(9), the passive earth resistance (Pp) between the soil and wall, the force due to the 
constant component of shearing resistance on the wall (adhesion Cj, the force on 
the failure plane due to the constant component of shear strength (cohesion Cs), and 
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(a) Soil Section (b) Forces acting on wedge ABCD 
(CS = cc = 0) 
Fig. 3.3: Coulomb's theory for passive earth force. 
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(c) Triangle of forces 
(CS = Cc = 0) 
the reaction (R) on the failure plane. Because of friction, the passive earth force 
(Pp) acts at an angle 8 above the normal to the wall surface and the reaction (R) at 
an angle ý above the normal to the failure plane. As shown by the triangle of forces 
in figure 3.3(c) the angle between W and Pp is (180 1- 0+ 6) and the angle between 
W and R is (a + ý). The angle between R and Pp is therefore equal to 
[(0 - 6) - (a + 0)]. The passive earth resistance is equal to the minimum value of 
Pp since soil shears along the plane of minimum resistance, but for trial values of a, 
Pp may be calculated as follows. 
The following example demonstrates the derivation of Pp when c, = cc = 0. 
Pp = V2Kp y 1-12 (3.3) 
Where Kp is the passive earth force coefficient and y is the unit weight of soil. This 
is shown as follows. 
Referring to the triangle of forces (Figure 3.3c), and from the sine rule: 
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pp 
sin(a + 0) 
Therefore, 
w 
sin[(0 - 8) - (a 0)1 
pp =W sin(a 
+ 0) 
sin[(0 - t5) - (a + 
Also 
W= '/2y 
sin(180* +, 8- 6)-4B. AC 
Or 
W= V2y 
sin(O-, 8). AB-AC 
And 
AB =H AC =H 
sin(O - a) 
sin 0 sin 0 sin(a - fl) 
Then 
W= %ysin(O-fi). 
H sin(O - a) H 
sin0sin(a-, 8)* sinO 
Therefore 
Pp -`ý V2 KpyI-f 
Where 
Kp= - 
sin(a + 0) sin(0 - ß) sin(0 - a) 
sin[(0 - 8) - (a + 0)]sin2 0 sin(a - 
(3.3) 
The minimum value of Pp corresponds to a particular value of a given bY 
aPplaa = 0, which can be solved analytically [59]. When this value is substituted 
into equation (3.3) we obtain a coefficient of passive earth force corresponding to 
the value of a for minimum Pp: 
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sin(0 + 0) / sin 0 
Kp = r[sin(0 
- 45)] - 
sin(0 +8) sin(0 + ß) 
(3.4) 
sin(0 - ß) 
i 
Although in this simple case the required value of a can be found analytically, in 
the author's work a numerical search method is used to adjust a and thereby find 
the minimum Pp. However, since Coulomb's equation assumes plane failure when 
realistically the failure surface is curved, the above equation for KP, equation (3.4), 
does in fact overestimate the passive resistance. The error increases with roughness 
of the wall or cleat surface, i. e. for the higher values of 4 so for smooth rubber and 
plastic surfaces it will be small. For this reason it has been suggested in soil 
mechanics texts that passive pressure coefficients derived by Caquot and Kerisel 
[72] or Sokolovski [73] be used. Caquot and Kerisel derived both active and 
passive pressure coefficients by integrating the differential equations of equilibrium 
where the failure surface was taken to be a logarithmic spiral. Sokolovski, 
however, obtained coefficients by numerical integration. To use these derived 
coefficients the values of some soil parameters are required. 
In generaL irrespective of the method used to obtain Kp, the passive pressure at a 
depth z below the soil surface (when 0,4 cc and c, > 0) may be expressed as [81: 
Kprz + Kpcc, (3.5) 
Where, 
Kp, = 2 
The total passive earth resistance, (when ý, oý c, and c, > 0) using Coulomb's 
theory [I I]: 
Pp --"ý Y2KpyH2 + cHKp, (3.6) 
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Fig. 3.4: Coulomb's theory for active earth force. 
-0) 
(c) Triangle of forces 
(CC = CS = 0) 
3.4.2. Active Case 
In the active case, the wedge is on the point of sliding down the failure plane. The 
active earth force P,, acts at an angle 8 below the normal to the wall surface and the 
reaction R at an angle 0 below the normal to the failure plane. In the triangle of 
forces (Figure 4c) the angle between Wand P,, is (180 0-0- 6) and the angle 
between W and R is (a - 0). Following a similar derivation to that for the passive 
case, the active earth force is equal to the maximum value of A, since the soil will 
fail at the earliest opportunity as A, reduces, and is given by: 
Pa -" -- V2 KayH2 (3.7) 
where Y%.,, is the passive earth force coefficient and v is the unit weight of soil. This 
is shown as follows. 
Referr ing to the triangle of forces (Figure 3.4c), and from the sine rule: 
w 
sin(a - 0) sin[(0 + 8) - (a - 0)1 
Therefore, 
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Pa ý-- 
W sin(a - 0) 
Therefore, 
Pa -- *'ý V2KjýYH2 
Where 
sin(a - ý) sin(O - P) sin(O - a) 
sin[(O + t5) - (a - ý)] sin' 0 sin(a - 
(3.7) 
The maximum value of P,, corresponds to a particular value of a given by 
OPJOa = 0. When this value is substituted into equation (3.7) we obtain a 
coefficient of active earth force corresponding to the value of a for maximum Pa: 
0, )2 
sin(O - ý) / sin 0 
sin(O + 8)] sin(-ý - 
8) sin(p - 
sin(O - P) 
In generaL irrespective of the method used to obtain Ka, the active pressure at a 
depth z below the soil surface (when 0,4 c, and c, > 0) may be expressed as [81: 
Kyz - Kaccs 
Where, 
Kac =2 Ka 
(I+ Lc 
CS) 
(3.8) 
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3.5. Bearing Capacity of Soil 
The ultimate bearing capacity (qf) of a soil is defined as the lowest pressure, which 
would cause shear failure of the supporting soil beneath an applied load. From a 
civil engineering point of view this would be applicable to foundations and footings 
etc., but could be applied to the sinkage of footwear in the ground at a cleat scale 
and a complete sole scale. There are three distinct modes of failure, which are 
general shear failure, local shear failure and punching shear failure. In the case of 
general shear, as the pressure beneath the load increases towards the value qf, 
continuous failure surfaces develop which spread outwards and downwards until a 
state of plastic equilibrium is developed throughout the soil. This causes the soil to 
erupt above the ground surface, i. e. heaving, around the load until slip occurs. This 
type of failure occurs usually in low compressibility soils, which are dense and 
stiff, and is assumed in most texts. In local shear there is significant compression 
beneath the load and only partial development of plastic equilibrium therefore there 
is little sign of heaving. Local shear usually occurs with soils of high 
compressibility. Punching shear occurs where there is high compression beneath 
the load and shearing in the vertical direction around the edges of the load. No 
heaving will occur and the failure depends on the compressibility of the soil and the 
ratio of length to width of the load. This type of shear is most likely to occur where 
there is long term drainage or at greater depths where there may be softer layers of 
soil. Due to the small scale of the cleat/sole modelling problem to define the nature 
of shear failure only adds to the complication. General shear failure is suitable for 
undrained, low compressibility soils and exhibits a failure zone shape as illustrated 
by figure 3.5, this same shape is generally used to illustrate all bearing capacity 
problems. 
3.5.1 Shallow Strip Footings 
Consider a shallow strip footing, or in fact a boot cleat, of width B greater than or 
equal to its depth D, and length L much greater than B. The weightless footing will 
apply a uniform applied pressure, q, say, onto the surface of the soil, which is 
assumed to be homogeneous and isotropic. The shear parameters of the soil are c 
and 0 and the unit weight is assumed to be zero. When the applied pressure, qf, 
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Fig. 3.5: General shear in drained conditions. 
becomes equal to the bearing capacity the cleat will push downwards into the soil 
producing a state of plastic equilibrium in the form of an active Rankine zone 
below the footing as shown by figure 3.5. In the active state the major principle 
stress is vertical and the minor principle stress is horizontal. The downward 
movement of the soil wedge ABC forces the adjoining soil sideways producing 
lateral forces. Passive Rankine zones ADF and BGE are therefore formed next to 
the wedge ABC. In the passive state the minor principle stress is vertical and the 
major principle stress is horizontal. IMe active wedge angles ABC and BAC are 
(45 *+ W2) and the passive sector angles FAD and GBE are (45 '- W2). The 
footing or cleat cannot penetrate the ground until the pressure exerted by the load 
exceeds the passive earth pressure. The transition between downwards movement 
of the wedge ABC and the lateral movement of the wedges ADF and BGE is 
carried out through radial shear zones ACF and BCG, the surfaces CF and CG 
being logarithmic spirals (drained) or circular arcs (undrained). BC and FD or AC 
and GE are tangential to these arcs. For shallow footings the shear strength between 
the surface and the depth D of the footing or cleat is neglected, the soil is only 
considered as a surcharge imposing a uniform pressure qo = yD. 
The ultimate bearing capacity of the soil under a shallow strip footing can be 
expressed using Terzaghi's general equation [61]: 
qf = Y2yBNy + cNc + yDNq (3.12) 
width +cohesion + surcharge 
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where N,, Nc and Nqare bearing capacity factors (based upon theoretical solutions) 
depending only on the value of soil shear parameter 0. 
Nq = exp (; r tan ý) tan 2 (45 '+ W2) 
N, = (Nq - 1) cotý 
Nr, = 1.80(Nq - 1) taný (Brinch Hansen) 
Nr = (Nq - 1) tan(1.4ý) (Meyerhoo 
The most widely used values of the factor Ny are those obtained by Brinch Hansen 
[74] and Meyerhof [75] since there has been no agreement of empirical values for 
Ny. 
3.5.2. Shape Factors 
The ultimate bearing capacities of square, rectangular and circular footings are 
determined by means of semi-empirical shape factors applied to the strip footing 
solution. The bearing capacity factors Ny, N, and Nq are multiplied by respective 
shape factors sy, s, and sq. The shape factors proposed by Terzaghi and Peck [621 
are widely used in practise although they are considered to give conservative values 
of ultimate bearing capacity for high values of ý. These factors are sy = 0.8 for a 
square footing or 0.6 for a circular footing, s, = 1.2 and sq = 1. Therefore equation 
(3.12) becomes, for a square footing: 
qf = 0.4yBNr+1.2cN, + yDNq (3.13) 
and for a circular footing: 
qf = 0.3 yBN, + 1.2cNc + yDNq 
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For a rectangular footing of width B and length L, the shape factors are obtained by 
linear interpolation between the values for a strip footing (BIL = 0) and a square 
footing (BIL = 1), e. g. sy = (I- 0.2BIL). 
3.5.3. Sinkage 
The calculation of the bearing capacity of a soil indicates the pressure at which a 
footing or a boot cleat will sink on a particular soil, it does not indicate the amount 
to which it will sink. The cleats themselves may only sink to a maximum of their 
height but there is no limit to what sinkage can occur for the boot as a whole. To 
determine sinkage the corresponding stress strain relationship must be investigated. 
Bekker [7 1] assumes a straight-line relationship between sinkage z and pressure p, 
which considers the soil to be elastic: 
kz (3.15) 
where k is a coefficient of proportionality. For hard soil, k will be large and the 
sinkage z will be small and for a soft soil, k will be small and z will be large. A 
more general form of the equation was proposed by Letoshnev, Goriatchkin et al 
[76] who describe the relationship between static sinkage z and pressure p as: 
Ice (3.16) 
where n is the exponent corresponding to different soil types. Values of n were 
determined by Bernstein and Klein for average conditions (n = Y2) and by Gerstner, 
Shultz, Goriatchkin and Grandvoinet for snow (n = 1). However, n= Y2 is the most 
frequently accepted value. In civil engineering soil mechanics, it is sometimes 
assumed that a small deformation z of the ground beneath a unit load p of a 
structure having width b (smaller dimension) may be expressed by the straight-line 
equation [71]: 
(b 
Cý z 
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where B is a modulus of deformation due to the cohesive component of soil shear 
while C is a similar modulus due to the friction component. Both moduli are 
practically independent of the size or form of the load, but equation (3.17) is only 
valid for very small sinkage where z is small in comparison to b. Bekker therefore 
introduced exponent n to this equation assuming parameters B and C remain 
unchanged irrespective of the size of the load: 
+ ko)zn b 
(3.18) 
where 4=A ko =C and b is the smaller dimension of the loading area, i. e. track or 
tread width. Tests performed by the Land Locomotion Laboratory show that 
equation (3.18) predicts load-sinkage with reasonable accuracy and may be used 
for the prediction of ground deformation in extensive sinkage. To define the 
relationship between sinkage and load, the soil parameters k, ko and n have to be 
measured. Apparatus to obtain such measurements are described by Bekker [71]. 
A phenomenon which should also be considered, and is not discussed in the 
literature, is the sinkage that takes place in addition to static sinkage z. 
Experimental evidence reported in this thesis has indicated that the initial static 
sinkage caused by a vertical load W is I accompanied by additional dynamic sinkage 
due to the build up of the horizontal traction force T on the slipping boot cleat, 
which would not have existed when the cleat was initially loaded by vertical force 
jV 
An alternative to the theoretical sinkage models described above, is to undertake 
sinkage measurement experiments using cleats and to develop an empirical model 
from the data. A similar approach was taken by Burland and Burbridge [77], for the 
settlement of foundations on sand and gravel. 
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4. Mathematical Modelling 
Introduction 
For walking or running on a surface, the compressive and shear forces that are 
applied to the ground, via the foot, may be modelled mathematically. For hard 
surfaces the interaction between the foot and the ground may be modelled by a 
coefficient of friction but for soft surfaces the interaction is dependent upon soil 
properties, water content, sinkage, sole material properties and tread geometry for 
different terrains. The relationship between cleat geometry, sinkage and traction 
has to be utilised, for example, a fell running shoe has small square cleats with 
large spacing to optimise cleat sinkage to gain grip in slippery conditions as well as 
optimise mud shedding. The soft sole compound enhances these properties. 
Traction is affected by the magnitude of Fb, the vertical force due to body mass, 
which will vary according to the size of the soldier, the amount of load being 
carried and the gait cycle. At heel strike this vertical force may increase to three 
times body weight and at another part of the cycle it may be less than body weight. 
The horizontal tractive force T also changes with respect to the gait cycle. 
A series of two dimensional mathematical models of boot cleats on soil have been 
developed to investigate the effect of tread geometry, material properties, and soil 
conditions on traction performance. Although it would be ideal to use three 
dimensional models due to the nature of soils, confidence in two dimensional 
models may be gained by the two-dimensional work of Coulomb [59] and Bekker 
[53,71]. Bekker demonstrated that beneath a narrow wheel, soil was displaced 
sideways and longitudinally, creating a three-dimensional problem. However, 
beneath wide wheels, the soil displacement was primarily longitudinal, creating a 
two dimensional problem. This approach has been taken in both the theoretical and 
experimental work. 
The models are based on simple tread geometry as illustrated by figure 4.1. They 
enable cleat dimensions to be varied, for example, cleat taper, cleat depth, cleat 
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hI 
Figure 4.1: Cleat geometry (including taper) 
width and cleat spacing. The models are applicable to different terrains such as 
cohesive or granular soils and allow for deformation of the soil between the cleats, 
hence changing the shape of the shear zones with different soil and sinkage 
conditions. Cohesion increases the shear strength of the soil and adhesion increases 
the friction between soil and cleat. If the soil is too sticky then mud shedding is 
seemingly impossible, resulting in the clogging up of cleats so that they are unable 
to function properly. Due to the changes in soil properties and water content over 
different terrains, variations in cleat sinkage and sole traction will occur. The 
different soil consistencies affecting the sinkage, create different soil-cleat 
interactions and contact areas. For this reason different models corresponding to 
different sinkage conditions have been considered. They show how the shear zones 
and application of forces change with respect to sinkage. 
A front cleat and rear cleat, as illustrated by figure 4.1, the soil in between the two 
cleats, the soil in front of the leading cleat and the soil behind the trailing cleat are 
modelled. The cleat length, 1, is assumed to be large compared to the other cleat 
dimensions and therefore soil flow is approximately two dimensional. Therefore, 
two dimensional soil flow is assumed in the mathematical models of the cleat and 
soil behaviour. The long cleat length produces a rib like cleat pattern much like a 
traditional tread design. 
Figure 4.2 illustrates the external forces acting upon the front and rear cleats (per 
unit length) during horizontal slip after sinkage has occurred. The front and rear 
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Figure 4.2: A free body diagram of cleats full of soil 
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Figure 4.3: A passive and active triangular shear zone 
cleat, including the soil in between, may be considered as one body in this instance. 
During the occurrence of slip, adhesive forces, Q, are generated on the cleat 
surfaces, and a cohesive force, C,,, as the soil between the cleats shears along a 
shear plane. An active thrust, P,,, acts at an angle 8 above the normal to the rear 
cleat surface as the cleats slip. A passive resistance to slip, Pp, also occurs at an 
angle 8 below the normal to the front cleat surface. Resultant forces beneath the 
cleats and the soil in between are also developed, R, and R,, respectively. R, acts at 
angle 8 to the normal, where 8 is the friction angle for cleats and soil, and Rs acts at 
angle 0 to the normal, where 0 is the friction angle of soil. The resultant forces are 
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generated from a vertical stress component, q, and a horizontal friction 
component, actana beneath the cleats, and similarly qtano and a, beneath the soil. 
In this example the soil shear line, between the cleats, is assumed to be horizontal 
and the cleats full, however, the soil shear between the cleats could be more 
complicated. For example, there could be two triangular shear zones, one active 
and one passive, their shape being determined by the amount of sinkage and the 
shear angles. The forces acting on these zones are shown in figure 4.3. These forces 
include cleat-soil adhesive forces, C, and soil cohesion forces, C'P and C"'. Only 
when the cleats are full is a vertical load, Fb, applied to the soil within the cleats. 
The weight of the active and passive soil shear zones are JV,, and JVp respectively. 
Resultant forces R. and Rp act at an angle ý to the normal as shown by figure 4.3. 
Passive and active earth forces are applied to the soil shear zones at an angle 15 
above and below the normal as shown above. The standard soil mechanics theory 
that has been presented in chapter 3 was applied to cleats where the soil shear 
zones were considered to be triangular, however, it was also necessary to consider 
quadrilateral shear zones. 
The shear zones between the cleats were first considered to be triangular, in which 
case the standard soil mechanics 'retaining wall' theory applied. Therefore, to 
calculate the total tractive force of the cleats, the passive and active earth forces 
could be derived using standard formulae for triangular shear zones. The required 
values of ap and a,, could be found by putting the derivatives of Kp and Ka with 
respect to a equal to zero as seen in standard texts, or more easily by using a 
numerical approach as seen in this research. 
The models based on standard soil mechanics theory are for triangular shear zones 
only. However, the models have to allow for change in shape of the shear zones, 
due to sinkage conditions and the restricted movement of the soil between the 
cleats. It was therefore required to adapt the retaining wall theory of Coulomb, the 
equations for the passive and active earth pressure coefficients Kp and Ka, and the 
total earth resistance accordingly. 
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Computer programs were developed using MATLAB to enable calculation of the 
minimum passive earth pressure and the maximum active earth pressure. 
Tbroughout this chapter it can be seen how the modelling developed from the 
simple application of standard soil theory using triangular shear zones, to use of 
quadrilateral shear zones, and then the modelling of passive and active shear zone 
interaction. At first, the models considered passive and active shear forces 
separately for simplicity but realistically they both co-exist so it was necessary to 
model their interaction. 
4.1.1 The Sinkage Conditions 
For the purpose of modelling horizontal slip three sinkage conditions have been 
assumed: 
i Cleats partially full of soil 
ii Cleats full of soil 
iii No sinkage of cleats 
These different sinkage conditions and the corresponding shapes of shear zones 
will now be introduced. 
4.1.1.1. Cleats partially full of soil 
Referring to figure 4.4, when the tread is not full due to partial sinkage, soil is able 
to move vertically and laterally between the cleats shearing at angles ap and aa. If 
ap and aa are large enough, two triangular shear zones will be formed, with the 
passive zone moving up into the air gap and the active zone moving down (see 
figure 4.4 (a)). However, if ap and a,, are too small, the two zones will interact and 
therefore become two quadrilateral zones (see figure 4.4 (b)). In this case soil can 
transfer directly from the passive to the active zone as well as moving up into the 
air gap. There will be no vertical compression of the soil between the cleats due to 
the gap between the soil and the sole. Body weight will only be distributed over the 
cleat area resulting in increased pressure and friction beneath the cleats. 
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Figure 4.4: (a) Triangular and (b) quadrilateral shear zones 
4.1.1.2. Cleats full of soil 
Again, referring to figure 4.4, there will be two shear planes at angles ap and a. - 
However, in this case there is no air gap for a triangular passive shear zone to move 
up into. It was therefore assumed that two interacting quadrilateral zones would 
occur with soil transferring directly from the passive to the active zone. 
Without an accurate sinkage model, it is difficult to predict the vertical 
compression of the soil between the cleats. However, for our purposes, it has been 
assumed that the soil is fully compressed in the sense that body weight is evenly 
distributed over the whole sole. In other words the pressure between the cleats is 
the same as the pressure under the cleats. In this way, the partially full model and 
the full model represent the two extremes with respect to soil compression between 
the cleats. 
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4.1.1.3. No sinkaize of cleats 
When there is no sinkage of the tread into the soil (figure 4.5) the interaction 
problem then becomes one of simple friction between the cleat bottoms and the 
soil. 
4.1.2. Model Development 
In this chapter, the model development is described in the sequence in which it 
actually occurred including the intermediate stages that led to the final model. 
Initially, triangular shear zone models were developed and tested against standard 
textbook results. This work is reported in section 4.2. Following this, quadrilateral 
shear zone models were developed that neglected the interaction of adjacent 
passive and active zones. This work is reported in section 4.3. Then interacting 
passive and active shear zones, as shown in figure 4.4(b), were modelled. This 
work is reported in section 4.4. Finally, a ftill model of a two cleat test-piece (figure 
4.1) was created, as described in section 4.5. In all cases the models developed 
have been implemented as MATLAB programs. 
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10 
ýb 
cc 
F, 
Figure 4.5: No sinkage of soil 
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4.2. Triangular Shear Zones 
As previously discussed in the soil mechanics theory chapter, passive and active 
earth forces may be derived by standard formulae for triangular soil shear zones. 
The required value of shear angle a may be found by putting the derivatives of Kp 
and K, with respect to a equal to zero as seen in standard texts. However, the 
author found the minimum passive earth force (or maximum active earth force) by 
a numerical search method where passive or active earth forces are calculated for a 
range of a. This was done in preparation for the modelling of quadrilateral zones. 
4.2.1 Initial Model 
An initial model was created to compare the results with existing retaining wall 
theory using triangular shear zones. Soil properties, cleat geometry and the range of 
a were entered into the MATLAB program enabling the area and mass of the soil 
segment to be calculated. The range of a was limited so that only a triangular soil 
segment could be formed. Then active and passive earth pressures were calculated 
and plotted for each value of a. From the curve, the program identifies the 
minimum value of Pp and the corresponding value of a, and similarly for the 
maximum value of P,,. The results were found to be consistent with soil testing data 
and existing theory. The programming could then be developed further for use with 
quadrilateral shear zones. 
Example 1: Calculation of Pp (cohesion and adhesion = 0) 
For triangular shear zones and the following inputs: 
Unit weight of soil, r= 1.5 x 10'6N/mm3 
Incline of soil surface, 8= 011 
Friction angle of soil, ý= 400 
Friction angle of cleat, 45= 10" 
Angle of taper, 0= 90* 
Cleat height, H= 8mm 
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For a given aý 
Pp ý Y2 Kp ylI 2 (3.2) 
Where, 
sin(a + 0) sin(0 - ß) sin(0 + a) Kp =- 2 sin«0-8)-(a+0»sin Osin(a-ß) 
Equation (3.2) for Pp and Kp was derived from the triangle of forces used in 
retaining wall theory, as discussed in chapter 3. Tbe cleat geometry was then input 
into the computer model. From the MATLAB program, when a is equal to 19*, Pp 
is at a minimum and is equal to 0.3 5x 10'3 N and Kp is equal to 7.3. From triaxial 
shear test data, Kp is equal to 6.5 for the same inputs [8]. Using Coulomb's theory, 
differentiating Kp with respect to a and putting it equal to zero, Kp also equals 7.3. 
Example 2: Calculation of P,, (cohesion and adhesion = 0) 
For triangular shear zones and the following inputs: 
Unit weight of soil, y= 1.5 x 10 -6 N/mm 3 
Incline of soil surface, P= 0" 
Friction angle of soil, ý= 30" 
Friction angle of cleat, 8= 15" 
Angle of taper, O= 901 
Cleat height, H= 8mm 
For a given a, 
P= Y2 K vH 2 (3.7) aa 
Where, 
sin(a - 0) sin(0 - ß) sin(0 + a) 
sin«0 +, 6) - (a - 0» sin2 Osin(a - 
From the MATLAB program, when a is equal to 65", Pa is at a maximum and is 
equal to 1.49 x. 10'5 N and & is equal to 0.31. Using Coulomb's theory, 
differentiating & with respect to a and putting it equal to zero, & also equals 0.3 1. 
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Since Coulomb's theory has been used in the modelling and programming work it 
has overestimated Kp as expected. What is significant is that the program results, 
using a numerical search method, are the same as those produced by the textbook 
differentiation method. This agreement of results has enabled the program to be 
further developed for quadrilateral shear zones. 
The above examples consider cohesionless soil, but since existing and well proven 
soil mechanics theory for triangular shear zones is applied in the model, the same 
theory may be applied to cohesive soils: 
Where, 
Pp -", 2, V2 Kp yff 
2+ cv HKp, (3.6) 
Kp, = 2 
rKp 
(1 + 
c 
And similarly for active earth force, 
Where, 
Pa = Y2 Ka 7H 2- cs HKac 
Kac =2 Kra (I + 
ýcEc 
C) 
c 
4.2.2. Model Development 
Having established the initial program, the theory was applied to modelling the soil 
between cleats. Since the amount of sinkage depends on the terrain, the models 
include calculation of passive and active earth pressure for full cleats and partially 
full cleats. 
For a cleat full of compressed soil, a proportion of the body weight will be 
transferred to the soil between the cleats. It has been assumed that the pressure is 
the same over the whole sole area. Therefore the percentage of the body weight 
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acting on the upper side of a triangular shear zone is equal to the percentage of the 
sole area that the upper side of the shear zone represents. In this case, using results 
from chapter 3, section 3.4, the passive and active earth forces, Pp and Pa, (when 
,8= 0) are equal to: 
p 
(Fb + W) sin(a + (N) P sin[(0 -, 6) - (a + 
Pa = 
(Fb + W)sin(a - 
sin[(0 + 8) - (a - 
Where Fb is the proportion of the body weight acting on the upper side of the 
triangular shear zone. 
For a partially full cleat, body weight will not be transferred to the soil within the 
cleat i. e. Fb = 0, therefore (when fl= 0): 
pp = 
Wsin(a + 0) 
sin[(0 - 8) - (a + 
Pa = 
Wsin(a - 0) 
sin[(0 + 8) - (a - 
4.3. Quadrilateral Shear Zones 
The retaining wall model assumes a triangular shear zone for which the Kp and Ka 
equations, aboveý can be used. It also assumes that during shear failure the soil 
wedge is free to move up or down the failure plane. As discussed earlier, the soil 
between the cleats has restricted movement and it is likely that non-triangular zones 
will occur. At this time the accurate prediction of shear zone shapes is not possible. 
However, as discussed earlier, where the zones are not triangular they were 
assumed to be quadrflateral. 
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Fig. 4.6: Adaptation of Coulomb's theory for a quadrilateral soil segment ABCD 
(passive case). 
The MATLAB programs for quadrilateral shear zones were then developed by 
assuming that the zone is either active or passive but cannot be both. In other 
words, either a passive earth force is present or an active earth force, but not both. 
It was therefore required to adapt Coulomb's theory, the equations for the passive 
and active earth pressure coefficients Kp and &, and the total earth resistance 
accordingly. 
4.3.1 Passive Case 
The quadrilateral shear zone ABCD, in figure 4.6, is acted upon by a passive earth 
force (Pp) at an angle t5 to the normal, cohesion (Cd, adhesion (Cd and (Cc2), 
resultant (R) at angle ý to the normal and the vertical force due to body weight Fb- 
The weight W of the soil wedge itself is considered to be very small with respect to 
the vertical force due to body weight Fb. However, it has still been included. When 
considering the passive quadrilateral shear zone, it has been assumed that Pa =0 
and that shear will occur at minimum Pp. 
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The passive earth force Pp for a quadrilateral soil segment may be obtained by the 
consideration of the forces on the soil segment (figure 4.6a): 
From figure 4.6a, resolving verticallyt 
Rcos(a+e)-F, b -W-Pp cos(0-5)-C cos(90-0)-CJ cos(90-a)-Cc2 cos(90-0)ý-- 0 
Therefore, 
F 
R=b +W + Pp Cos 
(0 - 8) + C', co. '(90 - 
0) 
+ C, cos(90 - Cc) +cc2 Co'(90-0) 
cos(CE +0 cos(cc + ý) Cos (a +0 Cos (a + ý) cos (a + ý) 
From figure 4.6a, resolving horizontally --o. 
-R sin(a + e) + Pp sin(0 - 5) - C, sin(90 - 0) - C, sin(90 - cc) + C, 2 sin(90 - 0) =0 
Therefore, 
R= Pp sin(0 - 8) _ Cci 
sin(90 - 0) C, sin(90 - ct) + Cc2 sin(90 - 
0) (4.2) 
sin(ct + e) sin(a + ý) sin(cL + e) sin(a + ý) 
Eliminating R by substitution, 
p -8) cos(0-8) Fb +W 
( sin(0 sin(90 - 0) + cos(90 - 
0) 
sin(ct+e) cos(ct+ej) cos(ct+ý) 
(sin(ct+e) 
cos(ct+ý). 
) 
(sin(90-a) cos(90 - a) " CS + ý 
sin 
-(a+ ý) cos(a + ý) 
) 
"C 
(cos(90-0) sin(90-0) ) 
c2 - ý COS(CE + ý) sin(a + ý) 
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pp =(I(sin(O-8) 
cos(O-5) Fb+W + C., sin(90-0) + cos(90 - 
0) 
sin(a+ý) cos(a+ý)), cos(a+ý) 
(sinftt+ý) 
cos(cc+ý)ý) 
+ CS sin(90 - cc) + cos(90 - a) +CC2 
(cos(90-0) sin(90-0), ) (4.3) ( 
sin(a + ý) cos(a + ý) 
) 
sin(a + ý) 
) 
To find the position, a, of the shear line a MATLAB computer program is used to 
obtain the value of a corresponding to the nýdnimurn passive earth force. The 
program searches for the minimum value of Pp by inputting different values of a, 
over a given range, into equation (4.3) until the required value of a is found. The 
range of a is limited so that only a quadrilateral soil segment can be formed. 
Cleat geometry (cleat height, cleat width, angle of taper and depth of cleat), soil 
properties (cohesion, adhesion, shear angles and unit weight of the soil), applied 
body weight for the cleat under consideration and sinkage are input into the 
program. The sinkage condition to be evaluated must also be input into the 
program. When full sinkage is under consideration, the pressure due to body 
weight is assumed to be the same over the whole sole and acts on the top side of 
the shear zone. When only partial sinkage is under consideration, body weight is 
not transferred to the soil between the cleats, therefore, Fb = 0, due to the air gap 
between the soil and the top of the cleat. 
43.2. Active Case 
The quadrilateral wedge ABCD, in figure 4.7, is acted upon by an active earth 
force (P4) at an angle 8 to the normal, cohesion (Cd, adhesion (CI) and (Qz), 
resultant (R) at angle ý to the normal and the vertical force due to body weight Fb- 
When considering the active quadrilateral shear zone, it has been assumed that Pp 
0 and that shear will occur at maximum P,,. 
Similarly, the active earth force P,, for a quadrilateral soil segment may be obtained 
by consideration of the forces (per unit length) on the soil segment (figure 4.7a): 
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Fig. 4.7: Adaptation of Coulomb's theory for a quadrilateral soil segment ABCD 
(active case). 
From figure 4.7a, resolving vertically 
R cos(ct - e) - Fb -W- Pa COS(O + 5) + Cci COS(90 - 0) + Cs COS(90 - CO + CC2 COS(90 - (» =0 
Therefore, 
R Fb +W + P, Cos 
(0 + 8) C', "(90 - 0) . Cs 
cos(90 - a) - C', 
'(90 - 0) (4.4) 
Cos (a -0 cos (a - ý) cos(cx -0 cos (a - ý) cos (a - ý) 
From figure 4.7b, resolving horizontally 1, 
-R sin(ct - e) + P sin(0 + 5) + C, 1 sin(90 - 0) + C, sin(90 - a) - Cc2 sin(90 - 0) =0 
Therefore, 
R= P sin(0 + 
8) 
+ C.  
in(90 - 0) + C, sin(90 - a) _ C", 
sin(90 - 0) (4.5) 
sin(ct - e) sin(ct - e) sin(ct - e) sin(ct - e) 
Eliminating R by substitution, 
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(sin(0+8) cos(0+8))_ Fb+W 90-0) cos(90-0) 
(sin( 
+ P, Uin(a-ý) 
cos(a-ý)) cos(a-ý) c ýsin(a-ý) cos(a-ý)) 
- CS 
(sin(90-a) 
+ 
cos(90 - a) 
ý 
sin(a - ý) cos(a - ý) 
) 
- Cc2 
(cos(90-0) sin(90-0) 
ýcos(a-ý) sin(a-ý)) 
P, =(I(sin(0+8) 
cos(0+45))) Fb+W Ca sin(90 - 
0) 
+ cos(90 - 
0)) 
sin(a-ý) cos(a-ý)))(cos(a-ý) 
( 
sin(a - ý) cos (a - ý) 
(sin(90-a) cos(90-aý - 0) . 
sin(90 - 0)j) (4.6) 
- C, -CC2( 
cos(90 
ý sin(a - 0) cos(a - 0) cos(a-0) sin(a-0) 
A MATLAB program has also been developed to obtain the value of the shear 
angle a corresponding to the maximum active earth force. Again, cleat geometry, 
soil properties, applied body weight and sinkage are input into the program. The 
program searches for the maximum value of P,, by substituting different values of 
a, over a given range, into equation (4.6) until the required value of a is found. 
433. Testing the Models 
It was deemed necessary to check the programs by carrying out hand calculations 
and graphical checks to make sure no mathematical errors were produced, although 
this was quite time consuming. The hand calculations were carried out to ensure 
there were no disagreements with MATLAB. Then passive and active force 
polygons were graphically constructed by hand, using the calculated magnitude of 
each force for specific values of aý to check that the forces did in fact form closed 
polygons. Hand calculations were found to agree with MATLAB and the polygons 
all joined quite accurately. These checks confirmed that the programs were 
working satisfactorily. 
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4.4. Passive and Active Shear Zone Interaction for Quadrilateral 
ShearZones 
The modelling then became more complex by consideration of passive and active 
shear zone interaction (figure 4.8), the models developed so far had only 
considered these earth forces and shear zones separately. As horizontal slip occurs 
it is assumed that soil at the rear of the cleat space, the passive shear zone, will 
move forwards and upwards along a shear line. Tlie soil at the front of the cleat 
space, the active shear zone however, is expected to move down and forwards 
along another shear line as shown by figure 4.8. At some point within the whole 
soil mass, the passive and active shear zones will interact with zero lateral strain, 
the horizontal stress being only that due to body and soil weight. The author has 
assumed that this occurs on the vertical line drawn at the point where the two shear 
lines intersect. On this vertical interaction line, the horizontal force component of 
R, due to the absence of lateral strain, is considered as the passive earth force at 
rest, usually expressed in terms of effective stress P, 
In general: 
yz (4.7) 
where, K,, is defmed as the coefficient of earth pressure at rest and v' is the 
effective unit weight of soil. K,, is equal to 0.5 for a medium density sand [8]. 
4.4.1. Modelling Passive and Active Earth Force Interaction 
The modelling work to date has enabled the shear angles of the passive and active 
shear zones to be obtained separately with the use of MATLAB computer 
programs. To enable the shear angles to be obtained in this case it was necessary to 
consider combined active and passive force polygons to derive equations for Pp and 
P., illustrated by figure 4.10. The polygons share the common forces R and C., 
which act on the vertical interface between the passive and active shear zones. It 
was again necessary to limit the ranges of ap and a,, to ensure only quadrilateral 
soil segments were formed, (see figure 4.9). Therefore, the following relationship 
was enforced: 
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H, tan(90 - a,, ) + H, tan(90 - ap) >x 
It was also necessary to determine the geometric relationship between the passive 
and active soil wedges, as illustrated by figure 4.9 by solving the following 
equa ions: 
xptanap = xtano! 6 
X=X +X pa 
When there is no taper, b2 = x. 
Fb 
pp 
C. 1 
Fig. 4.8: Passive and active interaction 
b2 
bý 
No 
b. 
Hij 
Pa 
H2 
y 
Fig. 4.9: Combined geometry 
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No st-No No. 
XP X4 
- go 
Passive polygon 
---- Active polygon 
cc,, 
ccl 
Fig. 4.10: Combined passive and active force polygons 
C, (common to both passive and active) = cH2 
Q2 = Qj = cHj1cos(90-0) 
C, p = c, (Hj-H2)1sincrp 
C.. = c, (Hj-H2)1sincr,, 
Fbp = (Fblb2) bp 
Fm = (FbIbýdb,, 
JVp = areapr' 
TV. = area,, r' 
The passive earth force has been derived from the free body diagram (figure 4.11). 
The angle of taper has been limited to the range 45 <0< 90 degrees. 
From figure 4.11, resolving verticallyt 
Rp COs(CEp +O-Fhp -Wp -C, -Pp cos(0-8)-Cl sin O-Cp sin ap -R sin ý= 0 
Therefore, 
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Fbp 
R 
ccl 
Figure 4.11: Passive segment 
Rp = 
Fbp + Wp + C, 
+ Pp 
Cos (0 - 8) 
1- C" 
fin 0+C sina P +R sin 
ý (4.8) 
COS(CL p+ ý) cos(up +0 cos((Xp +0 
SP cos((Xp +0 cos(cc p+ ý) 
From figure 4.11, resolving horizontally----o. 
-Rp sin(ap +ý)+Pp sin(0-8)-Cl cosO-C,, cosap -Rcosý=O 
Therefore, 
Rp = Pp - 
sin(O - 8) 
_ C'I 
Cos 0 Cos ap 
-R- 
Cos ý (4.9) 
sin(a p+ 
ý) sin(ap + 
CIP 
sin(ap + ý) sin(ap + ý) 
Eliminating Rp by substitution, 
P, 
( 
sin(O - 5) cos(o - 8) 
_) _ 
Fbi, + Wp + C, 
+ CC, 
sin 0+ Cos 0 
sin(ap+ý) cos(ap+ý)J--cosftcp+ý) 
(cos(ap+ý) 
sin(ap+ýý) 
sin a Cos a 
+ csp -p+p 
(cos(ap+ý) 
sin(ap+ý)) 
R sin ý Cos 
0 
cos(ap+o) sin(ap+o)j 
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P, sin(O - 5) cos(o - 
(Fb +W+ Cs 8) pp 
sin(a P+ ý) cos(ap 
; ýý 
,ý cos(ap + 
C'. fin 0 coso + csp 
sinccp 
_+ 
cosap (4.10) 
(cos(ap+ý) 
sin(ap+ýý ýcos(ap + sin(ap 7 ýý) 
siný + Cos 
ý 
cos(ap+ý) sin(ap+ý3., 
Similarly, the active earth force has been derived from the free body diagram 
(figure 4.12). Again, the angle of taper has been limited to the range 45 <0< 90 
degrees. 
From figure 4.12, resolving verticallyt 
Ra COSO-Cta)-Fba -Wa +Cs -pa COS(0+8)+CC2 sin O+Ca sin a,, +Rsiný=O 
Therefore, 
Fba + W, -C, cos(O + 8) sin 0 sin CL a (4.11) R,, = ba I vra ýs + Pa . Cc2 - Ca -R- 
siný 
COSO-CLa) C030-CLa) COS(ý-CW COSO - CLa) COSO-CLa) 
I 
Pl1 
Figure 4.12: Active segment 
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From figure 4.12, solving horizontally I, 
- R,, sin(ý - cc. )-P. sin(O + 8) - Ca cOs 0- Csa cos aa +Rcosý =0 
Therefore, 
R. = -P. 
sin(0+8) 
_C2 
Cos 0- C', Cos a' +R 
Cos ý 
sin(ý-a. ) c sin(ý-a,, ) sin(ý - a,, ) sin(ý - a,, 
Eliminating R,, by substitution, 
sin(O + 5) cos(o + Cos Cos o sin 0 + Cc2 aýýý+- 
a) sinm-aa) cos(ý-aa) 
4; 
7i? n, /F7'A-ýaa)) cos aa 
- C. W 
( cos a,, sin a,, )- Fb,, + W. - C, 
cos(ý-a,, 3) cos(ý-a. ) 
sin( (F 0+8) + cos(0+8) Cos sin ba 
+Wa -Cs) pI+ a ýsin(ý -a cos(ý-a sin(ý! 
Laa) 
cos(ý-aa)) 
ý cos(ý-aa) a) a)) 
Cc2 Cos 
0 sin 0- Csa cos a,, sin aa 
(sin(ý-aa) 
cos(ý-a,, 
ý) 
(sin(ý-a,, 
) cos(ý-a,, 
ý)) 
(4.13) 
Cohesive and adhesive forces have been considered within this model. If a granular 
soil is to be modelled, cohesion and adhesion may just be input as zero. 
Cleat geometry (cleat height, cleat width, angle of taper and depth of cleat), soil 
properties (cohesion, adhesion, shear angles and unit weight of the soil), applied 
body weight for the cleat space under consideration and sinkage are input into the 
program to enable the geometry, area and weight of the soil segments to be 
calculated, and then all the forces to be calculated. 
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To find the position of the combined active and passive shear lines a MATLAB 
program has been developed to simultaneously obtain values of Pp and Pa, 
equations (4.10) and (4.13) respectively, for given ranges of ap and a-a (see flow 
chart, Appendix 111). It is the minimum combined earth resistance that is required, 
which is not necessarily the combination of the maximum active earth force and the 
minimum passive earth force. A three dimensional graph is constructed by the 
program to show ap, cr,, and the total earth resistance. The program is able to 
determine the minimum total earth resistance and the corresponding shear angles. 
The model for combined active and passive earth pressure has been developed for 
both partially full and full cleats. When the cleats are partially full, there is an air 
gap, so the applied vertical load is not transferred to the ground via the soil in 
between the cleats. When the cleats are full, the applied load is transferred to the 
ground via the soil within the cleats so that the pressure beneath the cleats is the 
same as that beneath the space between the cleats. 
4.4.2. Testing the Model 
For this model, a series of checks have been done to ensure there have been no 
mathematical errors. First of all, some hand calculations were carried out to ensure 
there were no disagreements with MATLAB, and then force polygons were 
constructed by hand using the calculated magnitude of each force, to check that 
closed polygons were formed. Polygons were constructed for ap = a,, = 0.5 and 
45. * The value of 0.5' was considered to be the minimum shear angle since the 
program can produce errors when zero is used. 
4.5. Total Traction Force 
All of the models that have been presented so far have considered the soil between 
the cleats only. It is necessary to consider all of the horizontal forces on the boot, or 
cleats, to obtain a total traction force, T. The free body diagram in figure 4.13 
shows the forces acting on the cleats and the soil in between. By resolving 
horizontally, the total traction force is given by: 
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T= Pp, sin(O - 8) + C, - C,,,, cos 0+ Rc sin 8-P,,, sin(O + 8) - Ccf cos 0+ Cc 
+ Rc sin 8+ Cp cos ap + Rp siý ap + 0) + C,,, cos a,, - R,, sin(a,, - 0) (4.14) 
The forces acting on the soil between the cleats are obtained by using the 
interacting shear zones model described in section 4.4. The forces on the front of 
the front cleat and the rear of the rear cleat are obtained by assuming triangular 
shear zones (passive and active respectively). Simple adhesion and friction act on 
the undersides of the two cleats. 
The minimum T is required since slip will occur at the plastic equilibrium point of 
minimum resistance. Therefore the sand at the front and rear of the cleats was 
modelled using the standard passive and active retaining wall theory since 
triangular shear zones have been assumed. The passive earth force at the front of 
the cleat, Ppt, was calculated for a range of shear angles, apt. The minimum passive 
earth force was determined with the corresponding value of apt. Similarly, the 
active earth force at the rear of the cleat, P,,,, was calculated for a range of shear 
angles, aal, and the maximum active earth force was determined with the 
corresponding value of a,,,. These soil shear zones and corresponding passive and 
active earth forces are independent of each other and of the passive and active 
Direction of travel 
00 
Fh 
P Cd 
ýpt 
Figure 4.13: Free body diagram showing traction forces acting upon the cleats and 
soil in between. 
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interaction between the cleats. The model then considered the passive and active 
shear zone interaction between the cleats and the forces acting on the soil. The 
combined P. and A, was calculated for a range of passive and active shear angles, 
ap and a, respectively, different to those at the front and rear of the cleat for the 
triangular shear zones. The minimum combined horizontal force, in other words the 
minimum sum of the horizontal forces (Rp, R. Cp and C,,, ) was determined with 
the corresponding values of cr, and cr,,, the values of which were input into equation 
4.14. 
The total traction, considering the forces between the cleats, beneath and in front of 
and behind the cleats was then calculated using the horizontal components of the 
minimum passive earth force Ppt, the maximum active earth force Am adhesion Q, 
Ce and C, cohesion C,, Cp and C.., and reactive forces Rc, R,, and Rp as in 
equation 4.14. 
4.6. Sinkage Modelling 
The mathematical models for traction require a sinkage level input, it was therefore 
considered necessary to develop a separate sinkage model. The application of 
bearing capacity theory using shape factors would enable the prediction of when a 
cleat would sink, for both two dimensional and three dimensional cases, but would 
not be able to indicate the amount of sinkage. 
Foundation settlement was then investigated [9,11], the methods of Terzaghi, 
Meyerof and Schmertmann were considered. Terzaghi's method, for immediate 
settlement, was developed as a design criterion to achieve 25mm settlement so was 
not considered appropriate. Meyerhof s method for a quick estimate of settlement 
required data from Dutch cone penetration tests, a technique that results in an 
empirical factor, which was not considered appropriate either because the cone 
shape did not represent that of cleats or boot sole and did not differentiate between 
different soil parameters. Schmertmann's method was considered far too complex 
for the requirements of this research and was designed for long term settlement 
prediction, again data from Dutch cone penetration tests was required. 
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Ile author decided to establish an empirical model based on cleat measurements. 
This approach was also taken by Burland and Burbridge [77] who carried out 
statistical analysis of foundation settlement on sands and gravels. Relationships 
were established between compressibility of soil (af), width of foundation (B), 
average penetration resistance (N) over depth of influence of the foundation. 
Sink-age data was collected from the eight full factorial experiments carried out 
using different cleat shapes to enable relationships between sinkage, vertical load 
and geometry to be established. However, when the data was analysed it was not 
possible to determine any relationships because of the large amount of scatter. 
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5. The Soft Ground Slip-Rig 
5.1 Introduction 
Existing footwear slip-rigs, such as the PM144 rig [78,79] used at the Defence 
Clothing and Textiles Agency (DCTA) Colchester, Adidas, SATRA and Inter-Tech 
are designed for testing traction on hard surfaces such as steel decking, 
tarmacadam, clay tiles etc. Although the PM144 slip-rig and experimental 
procedures comply with British Standards, inconsistency in results between the 
different PM144 installations are seen even though most of the rigs have been 
calibrated by the same personnel. The walking simulator used at the Institute of 
Industrial Technology (TNO), Eindhoven and the walking simulator designed at 
Worchester Polytechnic Institute, Massachusetts could be used with a variety of 
soft and hard surfaces [80]. The rig at INO was visited although it was not seen in 
operatiom The rig could be used as a walking simulator through the cycle of heel 
strike to toe off where the impact of walking and the flexibility of the shoe can also 
be taken into account, or as a slip-rig where the foot does not roll. However, little is 
known about its results, experimental procedures and compliance with British and 
European Standards. It is known that European footwear testing standards vary 
considerably between each other and also with British Standards. Other rig designs, 
including that of Valiant (Nike) [32] and Barry and Milburn [49,51] were 
discovered during the literature study, however, little is known about their 
operation procedures and standards either. 
Having reviewed existing slip rigs it became apparent that there were only two 
options, either to modify the PM144 rig at DCTA or to construct a new test rig 
since the walking simulator at TNO and other PM144 rigs were not available. After 
some consideration, it was deemed unrealistic to modify the PM144 rig at DCTA 
for work with soft materials such as sand or soil since it would only allow a depth 
of 35mm of soil. The rig would also have to be used in conjunction with hard 
surface testing by DCTA so any modifications would have to be temporary. It was 
therefore considered necessary to construct a prototype soft-ground slip-rig at 
Salford, Pisani and Howard [8 1 ]. 
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The prototype soft-ground slip-rig is a manually operated device based on simple 
mechanical mechanisms using weights and pulleys. Equipment such as force 
transducers were not used due to cost and since calibration would be required, 
probably by the use of weights anyway. T'he preparation of the soil tray was 
considered the most important factor although the most time consuming, 
automation of the rig in any sense would not have affected soil preparation or made 
it any easier. Arguably, any increased sensitivity in applied force and sinkage 
measurement would have been deemed insignificant with respect to human error in 
manual soil preparation. 
The test rig enables the measurement of tread traction and sinkage for different soil 
types and tread geometry at various angles of heel contact with an applied vertical 
load. It can also be used for observation of soil shear patterns by means of a 
viewing window. The latter is best achieved with the use of a scaled up tread 
pattern since soil shear observations would not be possible with normal scale 
cleats. 
5.2. The Prototype Soft Ground Slip-Rig 
The slip-rig is illustrated by figure 5.1. The test rig consists of a main frame (1) and 
rotational cross bar (2). The rotational cross bar is able to move from side to side to 
enable a number of slip runs in one tray of soil. It is held by locking screws (3) at 
both ends and is used to pre-set the angle of contact of the tread to the soil surface. 
A shoe last (4) to which footwear and cleat samples are attached is connected to a 
hardened steel pole (5) that slides through a bearing assembly located within the 
rotational bar. An anti-rotation device (6) has been fitted to the pole to maintain a 
forward direction of the cleats during testing and also to ensure no damage to the 
bearing assembly. The pole also has a loading platform (7) at its other end where 
the vertical load is applied using free weights. Having set the lateral position of the 
rotational bar and the contact angle of the tread, and having applied the vertical 
load using the weights, the position of the shoe last is determined. A soil tray (8) is 
mounted on a roller assembly (9) to eliminate tray and table surface friction and is 
pulled by weights and a pulley. Although a force meter (10) is available, the 
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horizontal force is determined by the weights applied. The tray has a Perspex 
viewing panel (11) on one of its sides so that observations may be made of soil 
shear during a slip run adjacent to the window. Engineering drawings for the test- 
rig are reproduced in appendix 1. 
5.3. Slip-Rig Development 
The rig was constructed with a limited budget, therefore materials available 
within the department were used whenever possible. The soil tray was 
constructed from a shallow stainless steel tray, the sides of which were built up 
using plywood. A Perspex window was fitted into one of the side panels. One of 
the tray ends was strengthened with a steel plate on the inside to which two eye- 
hooks were secured. This enabled the tray to be pulled via a cord fastened 
1. Main frame 
2. Rotational crossbar 
3. Locking screw 
4. Shoe last/ cleat sample 
Figure 5.1: Prototype soil slip rig. 
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between the two hooks. The inside of the tray was then covered with fibreglass, 
and the window sealed to make it watertight. 
To enable the soil tray to slide freely it was necessary to mount it on a roller 
system. An investigation into roller assemblies and bearings was then carried out 
and a pallet roller track system was selected. The tracks could be fitted with 
different types of rollers and wheels. Three, 3m lengths of steel roller track with 
50mm diameter and 80mm length steel rollers with a ball bearing assembly were 
chosen. see figures 5.2 and 5.3. There was some doubt regarding the tray 
maintaining a forward direction on the rollers, however, this was found not to be a 
problem. 
A suitable steel tube was then obtained from within the department for the cross bar 
and a main frame was then designed to fit it. The frame had to enable the cross bar 
tube to be rotated and moved horizontally within its supports. The main frame was 
constructed from lengths of square section steel tubing and joints. For added 
strength the joints were also welded. Two rings were welded to the main frame to 
house the cross bar, which could then be secured by locking screws. See figures 5.4 
and 5.5. 
Figure 5.2: Roller. Figure 5.3: Roller tracks and pulley wheel. 
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Figures 5.4 and 5.5: Main frame and horizontal cross bar 
A loading platforn-i, figure 5.6, and shoe last/cleat attachment, figure 5.7, mounted 
on a pole were required to slide through the cross bar. It was decided that a bearing 
assembly would be necessary to minimise sliding friction between the cross bar and 
loading platform pole. An investigation into suitable bearings was then carried out. 
Drawn cup re-circulating linear ball bearings were selected because they are 
designed especially for linear shaft guidance. A 16mm hardened steel shaft and two 
l6nim inner diameter linear bearings were used. To enable the bearings to be 
placed securely within the cross bar, the bearings were housed in a steel block 
inside the tube, which was then locked in place by bolts. Due to the loading pole 
being hardened steel it was not possible to weld the loading platform or the shoe 
last attachment. It was therefore necessary to design them such that they could be 
fixed using Loctite. 
Figure 5.6: Loading platform Figure 5.7: Shoe last/ cleat attachment 
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Figure 5.8: Anti-rotation device 
To prevent the loading pole from rotating within the bearings an anti-rotation 
device was designed, figure 5.8. The device fits onto the shaft and is secured in 
position by a locking screw. It is guided by two shaft alignment rods, which have 
been secured to the horizontal cross bar. The shaft is then able to move vertically 
between the alignment rods but not able to rotate, maintaining the direction of the 
cleat attachment and preventing damage to the bearings. A rod spacer is placed 
above the anti-rotational device to maintain rod separation. The device and spacer 
drawings are also shown in appendix 1. 
5.4. Slip-Rig Commissioning 
During initial tests with the slip-rig it was considered necessary to modify the main 
frame and the soil tray base. The main frame was pinned at each joint and mounted 
on a base, which is positioned beneath the roller assembly for added stability. Two 
diagonal braces were also added to the frame. It was noticed that the soil tray did 
not run smoothly over the rollers when empty, so the tray was filled with sand to 
see if the weight would solve the problem. Unfortunately there was no change. The 
problem was found to be a slight bow at both ends of the tray base so a new half- 
inch thick wooden base was attached to the tray. A removable partition was then 
installed in the soil tray to divide it into two equal halves, each having the same 
width as the tray and using half of its length. This partition enables the use of just 
one half, making soil preparation easier, since the whole length of the tray was 
found not to be required. 
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5.5. Soil Selection 
It was decided earlier on in the research to begin testing with dry sand, since the 
soil properties would remain constant, also, wet and dry sand have similar shear 
strengths. It was hoped to use dry Leighton Buzzard sand to begin testing since it is 
widely used in laboratories and was also found to be used in testing tyre traction. 
Since Leighton Buzza d sand was used in the geotechnics laboratory within the 
Civil Engineering Department at Salford University, it was possible to carry out 
some initial tests with it, to look at its sieve sizing and range of density. 
Unfortunately, Leighton Buzzard sand was found to be unavailable, therefore it 
was decided to use kiln dried Congleton HST60 silica sand. 
5.6. Shear and Sinkage Properties 
Before the experimental work using the test rig could begin it was necessary to 
carry out tests with the silica sand to determine shear properties, maximum and 
minimum densities and the range of particle sizes within the sand sample. 
Different shear tests were also investigated to enable the measurement of soil 
properties. Since dry sand was used for testing, ongoing measurement of soil 
properties was not required, which was one of the reasons for using dry sand. 
5.6.1. Cone Penetrometer 
Ile cone penetrometer is a device that is pushed into the ground. It combines all of 
the mechanical properties of soil into a single parameter called the Cone Index 
(CI). The CI may be described as the force/mir? required to push the penetrometer 
into the ground. The index contains components of shear, compressive strength and 
soil friction but the proportions of these components vary as moisture content 
varies The cone penetrometer does not enable measurement of individual soil 
properties and is not suitable for use with sand. 
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5.6.2. Bevameter 
The Bevameter technique was pioneered by M. G. Bekker. It comprises of two tests, 
a plate sinkage test and a shear annulus test. The shear parameters, cohesion c and 
friction angle 0, and the sinkage parameters, exponent of deformation n and terrain 
constants k, and ký, are then used in Bekker's analytical models. Although very 
effective when applying the results to Bekker's models [711, earlier work has 
shown that adaptation for other models is required and accuracy is doubtful. 
5.6.3. Shear Vane Test 
A vane is rotated at a constant angular velocity. The volume of soil contained 
within the blades is then sheared off. The shear strength of the soil is reflected in 
the torque required to rotate the device as the soil fails in a cylindrical shape around 
the circumference of the vane. The vane shear test is only suitable for clays and 
silts, and other equipment would be required to operate such a device. 
5.6.4. Triaxial Shear Test 
The triaxial shear test is a laboratory test requiring specialist equipment. The most 
common is the cylindrical compression test which consists of a pedestal on which 
the soil rests, a removable watertight cylinder enclosing the soil sample to which 
fluid may be added and a ram or load cell acting on top of the cylinder to provide 
applied stress. Due to having to import samples from the field unrepresentative 
results are to be expected. 
5.6.5. Direct shear testing 
The direct shear test is usually carried out in the field. It comprises of an open 
rectangular box, known as a shear box, separated into two equal halves. Porous 
plates may be placed above and below the soil sample to allow free drainage, if the 
sample is dry or drainage is not required, solid plates may be used. The hollow box 
is inserted into the terrain with one half resting on top of the other. However, it is 
possible to reproduce the required sand density within the shear box. A vertical 
load (N) is applied to the top half, keeping the lower half stationary, the top half is 
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then moved horizontally and the soil sample is then sheared off. The shear force (7) 
is measured together with the corresponding displacement (AO. The change in 
thickness of the sample (Ah) may also be measured. When a number of samples are 
tested, each under different vertical loads, the value of shear stress at failure may be 
plotted against the normal stress for each test. The shear strength parameters, 
cohesion, c, and friction angle ý can be obtained directly from the line of best fit 
through the plotted points. The direct shear test procedure is also described in BS 
1377: part 8: 1990 [821. 
The direct shear test is simple to use, and soil properties may be obtained directly. 
The direct shear test method could also be used before each set of traction tests, to 
measure the soil properties used in the mathematical models. However, this was not 
considered necessary when using dry sand. This test may also be used to measure 
the friction and adhesion characteristics of sole materials by substitution of a sole 
sample for the soil sample in one half of the shear box, the other half of the box 
still containing soil. 
5.7. Sieve Sizing 
Although the particle size of the sand was specified by the supplier, it was still 
necessary to measure the particle size for classification assessment using the 
procedure described in 7.3 of BS 1377: part 1: 1990 [83]. The sieve test on a 500g 
sample of the silica sand showed 90% of the particles were retained on a 600 
micron sieve. The sample was therefore classified as a medium grained 
coliesionless soil. 
5.8. Maximum and Minimum Density Testing 
It was necessary to carry out minimum and maximum density tests to find the full 
range and therefore the mid-density. The mid-density would then be reproduced 
during testing with the test rig. 
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The soil was prepared to 7.3 of BS 1377: part 1: 1990 [83] for compaction tests, 
which included soil classification and sieve sizing as discussed previously. Since 
the sand to be used was kiln dried it was not necessary to determine moisture 
content and dry the soil. A6 inch (one litre) California Bearing Ratio (CBR) mould 
(figure 5.9) was used for compaction testing to determine maximum dry density 
and a glass measuring cylinder was used to determine the minimum dry density of 
cohesionless soils as described in 4 of BS 1377: part 4: 1990 [84]. The cylindrical 
corrosion resistant, metal mould has non-dnal internal diameter of 152 +/-O. 5mm 
and a detachable base plate and extension collar (as shown). 
Mass of mould (without collar) 
Mass of mould with (collar) 
Mass of collar 
Mould dimensions (without collar): diameter, d: 
Height, h: 
Volume of mould (without collar), v: 
5551g 
7401g 
18SIg 
152mm 
127mm 
7thd2 
= 2.3 x 106 mmý 4 
Figure 5.9: 6 inch California Bearing Ratio (CBR) mould 
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5.8.1. Minimum Density (p. i.. ) 
For determination of the minimum density of the dry sand, a weighed sample of 
sand was shaken in a glass measuring cylinder with a fitted bung and allowed to 
fall freely thus enclosing the maximum possible volume of voids. The cylinder was 
turned upside down until the sand was at rest and then turned the right way up 
before standing the cylinder on a flat surface. The volume reading at the mean level 
was recorded. This was repeated several times and the average taken. The 
minimum dry density was then calculated, see below. 
Mass of sand, W: 
Average volume (maximum) 
3564g (loose) 
2.3 x 106MM3 
Density of sand, ( pj. ): 
5.8.2. Maximum Density (p,.. ) 
1.55 x 10-3 g/mm3 7 
For determination of maximum density, the internal dimensions of the compaction 
mould were measured and the collar extension to the mould was attached. A 
quantity of sand was added to the mould so that when compacted the mould was 
one-third filled. A circular tamper was placed on the sand and compacted with the 
vibrating hammer as specified in [84], for 2 minutes with an applied downward 
force (including the mass of the hammer) of between 30ON and 400N. This was 
repeated twice more to obtain three layers, the third layer was at least level with the 
mould body but no more than 6mm proud of it. The mould collar was removed 
carefully and the sand levelled with the top of the mould using a straight edge, any 
cavities left were refillcd. The compacted sand was removed from the mould into a 
metal tray without loss of particles and the mass of sand determined. The internal 
volume of the mould and maximum dry density was calculated. 
Mass of sand (minimum volume), W: 4060g (compressed) 
Volume of mould (without collar), 2.3 X 106 MM3 
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Density of sand, ( p. ): 
w=1.76 
x 10-3 g/MM3 v 
After the test for maximum density had been completed, it could be seen that the 
sand particles had been crushed. Another sieve test was carried out using a 500g 
sample taken from the mould. 
Mg was retained on a 850 micron sieve, 
35.1 g was retained on a 600 micron sieve, 
463.5g was retained in the pan, 
i. e. 7.5% was retained on the 600 micron sieve. 
Considering how destructive this test was using a percussion hammer and how 
unrealistic it is compared to the traction tests that were to be carried out it was 
decided to do another test. This test was to find the maximum density achievable 
by vibrating the mould. An electric sander was used to apply the vibration to the 
mould, which is also used to apply vibration to the sand during preparation in the 
sand tray. 
5.83. Maximum Density Using Vibration Method (p..,,, ) 
The mass of sand required to fill the mould and a third of the collar was taken and 
divided into three equal parts, to achieve three level equal layers within the mould. 
The first layer was established by pouring the first quantity of sand into the mould. 
The mould was then vibrated using the electric sander, which was firmly held on 
top for one minute. The second quantity was then poured into the mould on top of 
the first layer and the mould vibrated for a further minute. This was repeated for the 
third layer. The collar was then removed and a blade was used to remove excess 
sand, producing a flush surface with the surface of the mould. The mass of the sand 
within the mould was measured. This test was repeated once and the average taken 
as shown below. 
Mass of sand (maximum volume), test 1: 3970g (compressed) 
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Mass of sand (maximum volume), test 2: 
Average mass of sand, W: 
Volume of mould (without collar), 
Density of sand, ( p,,,. ): 
5.8.4. Mid-Density(Pmid) 
3 971 g (compressed) 
397 1g (compressed) 
2.3 x 106 InM3 
w 
-=1.72 x 10-3 g/MM3 v 
The mid-density required for experimental work was calculated by averaging the 
minimum and maximum (vibration method) densities. 
Mid-density, Pmid: 
1/2( 
pi,, + p.,,, ) = 1.635 xIO-3 g/mm' 
5.9. Experimental Procedure 
5.9.1. Introduction 
To establish that the rig was working satisfactorily and enable the test procedure to 
be developed a series of preliminary tests were carried out using both unprepared 
and prepared soil trays and a variety of cleat designs, the results of which are 
presented in appendix 11. The unprepared trays were filled with sand and levelled 
by hand to save time in the early stages, whereas the prepared trays were 
constructed with levels of compressed sand using the method described below. The 
tests using prepared sand were very time consuming since only two or three tests 
could be carried out on each sand tray, and it took up to two hours to prepare a 
single tray. If the sand preparation was not satisfactory, for example, the sand 
surface was not level or the correct density could not be achieved then the tray was 
made void and the sand preparation repeated. A variety of sand depths were tested 
and a depth of 114mm was selected, after compression, having obtained the 
required sand density. This depth was considered to be deep enough to eliminate 
the effect of the sand sliding against the bottom tray surface. These tests will not be 
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discussed in detail since they served only to establish the test procedure and select 
the results and observations to be recorded. 
5.9.2. Soil Preparation 
The mass of sand was calculated and the depth of sand in the tray, 114mn-4 was 
selected to achieve the mid-density value (see soil density requirements). The sand 
was prepared in approximately 50nun layers so it was necessary to divide the total 
mass of sand calculated into the required number of layer quantities. The first layer 
was achieved by pouring the sand into the base and distributing it evenly. A 
wooden board the same size as the partitioned area was placed over the sand layer 
and vibrated evenly for a period of time using an electric sander. At first the board 
was vibrated for three minutes, continually moving the sander over the entire board 
surface for the duration. It was then found that vibrating the board until the 
required density (depth) was achieved, like before but without the time constraint, 
produced more consistent results. The tray was marked with the required depth of 
each of the sand layers. The next layer was then created like the first and vibrated. 
The number of layers was dependent upon the depth of sand required. On 
completion of the sand preparation, the depth of sand was checked to ensure the 
density was correct. 'Me required density was achieved with an error of less than + 
5%. 
5.93. Test Piece Selection 
The test piece (shoe last or cleat model) was selected and fitted to the loading pole. 
The attachment was then secured by tightening the bolts. 
5.9.4. Positioning of the Test Piece 
Firstly, the soil tray was aligned with the rollers and set in the required position. 
The soil tray position was then marked and a measuring tape set to record tray 
movement. The loading pole was then set at the required angle (vertical for all 
tests) and the horizontal crossbar was then locked to maintain this position. The test 
piece was then gently lowered onto the sand surface, correctly aligned using 
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markers on the wall behind the rig and facing the correct direction. The alignment 
device was then secured to make sure that the loading pole did not rotate during the 
experiment. 
5.9.5. Application of Vertical Load 
The required weights were gently placed onto the loading platform so not to disturb 
the sand unnecessarily. The locking device was then tightened thus securing the 
weights in position. The initial sinkage due to the application of the vertical load 
was measured using a metal rule and recorded. Initial sinkage was measured 
corresponding to the actual sand surface in the tray at that point. Another metal rule 
was placed on the sand surface from which to accurately measure from. 
5.9.6. Application of Horizontal Load 
Firstly, the rig was checked to make sure everything was secure and in the correct 
position. The weight hanger was then connected to the soil tray pulling cord. The 
cord was checked to make sure it was correctly aligned within the pulley. Weights 
were then gently added to the weight hanger until the tray began to slide. 
During initial tests it was seen that during some tests the rig slipped a small 
distance prematurely (approximately 10 - 15% of the total slip distance). Premature 
slip was recognised when slip occurred well before the horizontal load expected to 
induce slip was applied. When this occurred, all sinkage, slip length and shear zone 
measurements were taken and observations recorded before continuing with the 
same test. It was usually found that although the test item had slipped slightly 
already, the main slip occurred with the same horizontal load as other tests. There 
is no explanation for this pre-slip phenomenon that occasionally occurs. The test 
was then continued to induce further slip or made void, and a new test carried out. 
5.9.7. Measurements and Observations 
When the tray had stopped sliding the applied horizontal load was recorded. Slip 
distance, i. e. distance of tray movement was also recorded. Sinkage was then 
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carefully measured at the front, centre and rear of the test item. The sinkage was 
measured with respect to the displaced sand (denoted by flow), and with respect to 
the original sand surface (denoted by actual) as shown by figure 5.10. Both 
measurements were taken at the centre of the front and rear cleats and sinkage with 
respect to flow only at the centre in between the cleats, as shown below (for 
illustration purposes, only one of each measurement has been shown). With respect 
to flow sinkage, a steel rule was used to measure the distance between the sand 
surface and the top of the test piece, this distance was then subtracted from the total 
cleat height for the sinkage measurement with respect to sand flow. An accuracy of 
+/- Imm. was achieved. With respect to actual sinkage, a steel rule was placed on 
the original sand surface and moved towards the test piece. The distance between 
the rule and the top of the test piece was then subtracted from the total height for 
the actual sinkage measurement. The accuracy of which was also +/- I min. 
The Perspex window of the soil tray was unable to be used during the experimental 
period due to temporary relocation of the rig. However, it was still possible to make 
observations from the soil surface when slip was initiated. It could be clearly 
observed that as the cleat slid along the soil surface it sank, heaving the sand in its 
path up in front of the cleat. This quantity of sand being heaved up by the cleat 
movement is the soil shear zone, the wedge of soil that has sheared. Due to the dry 
sand being coliesionless, the shear zone was produced by granular friction only. 
The shape of the shear zone in front of the cleat models was seen to be 
approximately an elliptical plateau, as illustrated by figure 5.11. If an initial 
premature slip occurred as previously discussed, and the test was continued, more 
than one shear zone, decreasing in size occurred, illustrated by figure 5.12. The 
length and height of the shear zone was measured at their respective maximum 
points using a steel rule. These measurements were taken with respect to the actual 
sand surface. In the event of multiple shear zones, the maximum length and height 
of each plateau was recorded. 
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Direction of travel 
Sinkage %kith respect to soil tlo%% 
Sinkage with respect to actual 
sand surtace 
A 
Rear Front 
Fig. 5.10: Sinkage measurements. 
Direction of travel 
Rear Front 
Fig. 5.11: Single soil shear zone. 
Direction of travel 
Rear Front 
Plan view of front cleat 
(45mm length) 
Fig. 5.12: Multiple soil shear zones. 
5.10. Scaled up cleats 
It would be unlikely that meaningful traction data could be obtained from normal 
sized cleats. It was therefore decided to use scaled up cleats to validate the 
mathematical models and to look at the effect of cleat geometry on traction 
77 
characteristics. The scaled up cleats would also enable observation of soil 
behaviour during slip since it would be impossible to get useable observations from 
normal sized cleats. When designing the cleats it was necessary to include all of the 
geometric possibilities but also minimise the number of cleats to be produced. 
Originally the cleats were to be made of plastic and produced using the rapid 
prototyping facility at DCTA so it was deemed essential to get the cleat designs 
right. But as the programme of testing continued it was thought to be unnecessary 
to use plastic cleats since the experiments were purely comparative and the cleat 
material was not vital at that stage. Also, due to the uncertainty of producing useful 
results, the experimental programme involved completing the tests one at a time, 
evaluating the results and repeating or modifying tests if required before moving on 
to the next. The programme was therefore flexible to enable investigation into 
anything that became of interest, which was an important reason for the use of the 
wooden cleats. 
The geometric parameters considered during the design of the scaled up cleats 
included cleat length, 1, height, h, width, b, and cleat taper as discussed in section 
4. L The geometric dimensions were a factor of a standard unit of length, d, where 
d= 45mm, see figure 5.13, for example. This length was considered to be large 
enough to ensure useful observations and results but of a suitable size for the slip- 
rig that has been developed. If the cleats were too large it would become 
increasingly difficult to induce full sinkage due to the large vertical loading 
required. 
For example, I= 4d (I 80mm) 
d (45mm) 
d (45mm) 
5.10.1. Comparisons of Cleat Length and 3D End Effects 
For investigation of soil flow and three dimensional end effects, a series of cleats 
were produced with lengths d12, d, 2tj 34 4d, 5d and 6d and two cross sections, 
normal (b x h) and narrow (b12 x h). 
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5.10.2. Effects of Cleat Height, Width and Taper 
To consider the effects of cleat height, width and taper, all possible geometric 
combinations of two cleat heights (h and W), two cleat widths (b and b12), and 
with or without taper were produced, all of the same length, I= 4d. As the 
experimental prograrnme progressed it was possible to use the same cleat for 
different tests, thus saving time. 
(All dimensions are given in mm) 
17 
(h) 45 
ý14 w. 45 45 45 45 
(b) (b) 
Figure 5.13 (a): No taper, cleat width b=d, length I=d and height h=d. 
17 
45 
55ý 
135 
45 45 45 
Figure 5.13 (b): No taper, cleat width b=d, length I=M and height h=d. 
17 
45 
Figure 5.13 (c): No taper, cleat width b=d, length I= 5d and height h=d. 
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« 1, - Ar, - 
45 45 45 
17 
45 
0 30 14 45 
23 89 23 
Figure 5.13 (d): No taper, cleat width b= d12, length I=d and height h=d. 
17 
23 
45 45 45 45 
Figure 5.13 (e): No taper, cleat width b=d, length I=d and height h= d12- 
17 
45 
UJ- 
7 
30 30 45 
Figure 5.13 (0: Tapered cleats, width b at top, width 2b/3 at taper bottom and 
length d. 
17 
45 
Figure 5.13 (g): No taper, cleat width b=d, length I= 4d and height h=d. 
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45 45 45 
17 
45 
Figure 5.13 (h): No taper, cleat width b= d12, length I= 4d and height h=d. 
Figure 5.13: Examples of scaled up cleat geometry 
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. 411 No 
23 89 23 
6. Experimental Results 
6.1. Introduction 
The prototype test rig was constructed and initial tests confirmed that the rig was 
working satisfactorily, enabled a test procedure to be developed, and established 
what could be achieved with the rig in terms of repeatability and accuracy. 
The experimental program was of an exploratory nature so was undefmed at the 
beginning but developed one test at a time throughout the experimental period. The 
experimental work discussed within this chapter is as follows: 
i Initial tests, to develop experimental procedure and establish repeatability. 
ii Cleat length and three dimensional soil flow investigation to identify at which 
cleat length two dimensional effects are dominant. 
iii Traction distribution over cleats. 
iv Eight, full factorial experiments to investigate the effects of cleat height, 
width and taper on traction. 
Results from the experimental work were also compared with those from the 
mathematical models, this is discussed in a later chapter. 
6.2. Initial Tests to Assess Repeatability 
Having established the slip-rig was working satisfactorily further tests were required 
to establish what could be achieved in temis of accuracy and repeatability. Sinkage 
tests were required to investigate repeatability of initial sinkage in the same tray of 
prepared sand. Initial sinkage may be defmed as the static sinkage when the vertical 
load has been applied. It was necessary to establish whether or not the sinkage 
behaviour was consistent across the entire sand surface and the sand preparation 
procedure acceptable. 
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Having established the repeatability of cleat sinkage within a single tray, it was then 
necessary to establish repeatability in a number of different trays. Three tests were 
carried out in three trays of prepared sand (nine tests in total). In these tests, slip was 
initiated to gain as much data as possible from each test, unlike in the previous 
experiment. Therefore initial sinkage, sinkage after slip and traction results will be 
discussed as well as soil movement observations. 
6.2.1. Experimental Procedure 
To establish the repeatability of cleat sinkage within a single tray a tapered cleat (as 
shown in figure 5.13) of length 45mm was used with an applied vertical load of 
20kg. The tapered cleat was selected because of its mid-range sensitivity to external 
effects, pole vibration for example, which was discovered in the earlier tests. To 
improve repeatability, tapping the side of the loading pole was considered, but the 
pole was found to continue sinking without stopping. Weights were applied as gently 
as possible to prevent the loading pole from vibrating. 
The tests were carried out in the numerical order and approximate positions shown in 
figure 6.1. Two different initial sinkage measurements were taken into consideration 
since slip was not initiated, actual sinkage of the cleats with respect to the original 
sand surface on application of the vertical load (actual), and sinkage with respect to 
the displaced sand (flow). Both measurements were taken at the 
150 200 200 200 
A b. - ý b, A 
-% P-q P, '1% 
hoo 4-10. 
1 
ISO 
200 
200 
150 
Fig. 6.1: Sinkage test locations (all dimensions in mm). 
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centre of the front and rear cleats and sinkage with respect to flow only at the centre 
in between the cleats, as discussed in section 5.9. The results are shown in table 6.1. 
To establish tray to tray repeatability, three tests using a tapered cleat of length 
135min, and a 20kg vertical load, were carried out in three different trays of prepared 
sand (nine tests in total). At that time it was not considered necessary to use the same 
cleat as before since this was considered a separate experiment, and slip was to be 
initiated to make the most of the experimental preparation. Although it would have 
been beneficial to have used the same cleat, the longer cleat was less prone to 
external disturbances. The required sand density was achieved to within +/- 5%, this 
was calculated based on the overall depth of the sand since the sand mass and tray 
internal width and length were known. In previous tests, the tray was prepared in two 
equal layers, vibrating each layer of sand for two minutes. In these tests the sand was 
vibrated again in two equal layers as before but the length of time was not restricted. 
The sand was vibrated until the required sand density was achieved in order to 
achieve a more level surface. It had been noticed that the time required to reach the 
specified density varied slightly probably due to the unpredictable nature of sand but 
it was not considered to be significant. 
In the previous sinkage repeatability tests, only initial sinkage was considered since 
no horizontal slip occurred. In these repeatability tests, sinkage repeatability was also 
considered after slip had occurred. Therefore an average initial sinkage measurement 
with respect to the displaced soil surface at the measurement point for the front and 
rear cleats was recorded as well as the sinkage of the cleats with respect to the 
nominal soil surface (actual) and displaced soil (flow) after slip had occurred. The 
horizontal load required to induce the slip was also recorded. Observations of the 
amount of sand heaved up in front of the cleat after slip were also recorded. The 
Perspex window of the soil tray was unable to be used during the experimental 
period due to temporary relocation of the rig. However, it was still possible to make 
observations from the soil surface. It could be clearly observed from early tests that 
as the cleat slid along the soil surface it sank further, heaving the sand in its path up 
in front of the cleat. This soil shear zone is illustrated by figures 5.11 and 5.12. The 
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depth and length of the shear zone above the sand surface was measured during each 
test as previously described in section S. 
Tests were carried out in prepared sand of mass 122.66 kg, depth 114 mm and 
density 1.64xl 0-3 g/mm3 with a vertical pole position. 
Horizontal load required to move empty tray: 1.05kg. 
Horizontal load required to move tray and 122.66kg of sand: 1.3kg. 
6.2.2. Discussion of Results 
6.2.2.1 Sinkage repeatability 
The results for initial sinkage repeatability in a single tray are presented in table 6.1. 
The values of actual sinkage with respect to the nominal sand surface were all within 
+/- 9% (2mm) of the mean (21.9nim), a variance, W, of 1.83 was calculated. This 
confirmed that the sand surface was consistent across the entire tray surface and that 
the sand preparation was sufficient. 
Test Front sinkage 
(actual) 
Rear sinkage 
(actual) 
Front sinkage 
(flow) 
Rear sinkage 
(flow) 
Sinkage between 
cleats (flow) 
1 20 20 28 27 34 
2 24 24 31 32 38 
3 23 24 32 33 38 
4 20 22 30 32 34 
5 23 23 31 31 38 
6 21 20 27 25 34 
7 21 22 30 30 36 
8 24 23 31 30 37 
9 20 20 29 29 33 
All measurements in mm. otherwise stated 
Table 6.1: Sinkage results in a single tray 
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The sinkage with respect to sand displacement, flow, was however found to be more 
variable, -13% (4mm) to +10% (3mm) of the mean (29.8mm). The variance was 
3.76, twice that of actual sinkage variance. This was not unexpected due to the 
unpredictable nature of displaced sand, and the fact that only one measurement was 
taken at the centre of each cleat. The variability was considered to be acceptable so it 
was not deemed necessary to take more than one measurement. There were also the 
time implications to consider. 
The depth of sand between the cleats was also observed to assess whether or not the 
cleats were full after sinkage. This sinkage measurement for each test was greater 
than the actual cleat sinkage (approximately 1.6 times) because of the occurrence of 
sand flow around the cleat, and sand retention between the cleats. The degree of sand 
retention between the cleats was dependent upon the actual cleat sinkage, this is 
clearly seen in the table of results. The depth of sand measured between the cleats 
was within +/- 6% (2mm) of the mean (35.8mm). 
Having established the repeatability of sinkage within a single tray, it was then 
necessary to establish the repeatability from tray to tray. The tray to tray repeatability 
results are presented in table 6.2. The initial sinkage results, were negligible (less 
than lmm) for this size cleat (135nim) compared to the cleat size of the previous 
experiment (45mm) due to the application of the same vertical load and hence the 
reduced pressure beneath the cleats. The following discussion therefore focuses on 
the results after horizontal slip has occurred. Variation from the mean of average 
actual sinkage and sinkage with respect to soil flow over both cleats, in the three 
trays, is shown in figure 6.2. 
The average actual sinkage results over the front and rear cleat after slip had occurred 
were within +4% (Imm) to -8% (2mm) of the mean 26mm. for tray 1, +15% 
(3.7mm) to -8% (2.3mm) of the mean 24.3mm for tray 2 and +6% (1.3nirn) to -3% 
(0.7mm) of the mean 23.7mm for tray 3. However, the sinkage means for different 
trays were slightly different. A variation of +13% (3.3mm) to -11% (2.7mm) of the 
mean (24.7mm) was seen across the three trays for actual sinkage, the variance, cý, 
was 4.2. 
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Tray Initial 
Sink 
Rear sink 
(act) 
Front sink 
(act) 
Rear sink 
(flow) 
Front sink 
(flow) 
Sink between 
cleats 
T (kg) Slip 
distance 
Shear zone 
length 
Shear zone 
height 
1 0.5 27 27 33 32 43 8.5 67 99 26 
1 0 24 24 30 32 42 8 63 118 29 
1 0.5 27 27 35 37 43 8.5 85 102 32 
2 0 23 23 32 32 42 8.5 84 95 34 
2 0.5 22 22 30 32 41 7.5 75 127 31 
2 0.5 28 28 33 36 42 8 76 98 33 
3 0 25 24 32 34 41 7.5 74 100 30 
3 0 23 25 27* 29 37 8 48 107 21 
3 0 23 22 33 32 44 8.5 75 89 34 
All measurements in mm unless otherwise stated. 
Table 6.2: Tray to tray repeatability results (* denotes rogue result discounted from 
analysis). 
The average sinkage results with respect to soil flow over the front and rear cleat 
after slip had occurred were within +8% (2.8nun) to -6% (2.2nun) of the mean 
33.2mm for tray 1, +6% (2mm) to -5% (1.5mm) of the mean 32.5mm for tray 2 and 
Variation From Mean Sinkage 
Results (Actual and Flow) 
35 
30 
cc 25 
ale 
E 20 
E 15 
4WD 10 
5 
0 
Actua 
Flow 
Figure 6.2: Graph showing variation from the mean for sinkage repeatability tests in 
three different trays 
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tray 1 tray 2 tray 3 
Tray 
+6% (1.8mm) to -10% (3.2mm) of the mean 31.2mm for tray 
3. A variation of +2% 
(0.7mm) to -13% (4.3mm) of the mean (32.3mm) was seen across the three trays 
for 
sinkage with respect to flow, the variance, W, was 4.6. 
A greater variation of the sinkage results with respect to soil flow was expected due 
to the nature of dry sand. The difference in initial sinkage (sinkage after vertical load 
was applied but before horizontal load was applied) was negligible for the 135mm 
length of cleat, due to the reduced pressure beneath the cleats under vertical loading 
with the larger surface area. It was also less sensitive to external effects than the 
45mm cleat used in the previous experiments, such as vibration whilst applYing the 
vertical load. 
In summary, the tray to tray sinkage repeatability was established as a necessary 
prerequisite for differentiation between different cleats in different trays. It was also 
seen, in the initial sinkage tests in the one tray, that the sand density was not 
consistent over the whole tray surface by comparing the test locations, even though 
as much care as possible had been taken in the tray preparation. The problem of the 
soil surface not being level was overcome by vibrating the sand for as long as 
necessary, up to four minutes, after which the tray was made void. It was also 
important to note that the position of each of the three test runs in each tray remained 
unchanged over the different trays. The positions of the three tests were as per 
locations 1,2 and 3 of figure 6. L 
6.2.2-2. Traction force reRýLatability 
The traction results obtained from the tray to tray repeatability tests showed 
reasonable consistency. In each tray, results were +/-0.5kg from the mean, a variation 
of +/-6 %. This was also the case over the three trays. The average traction force for 
the 135mm length cleat was 8kg +/-0.5kg. It was also seen that the slightly higher 
sinkage values mostly correspond to the higher traction forces. The variability within 
the traction results was expected to be reduced if smaller increments of horizontal 
load (traction force) were applied. 
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The shear zones in the preliminary tests were all of a similar length and height, 
regardless of cleat model. For the 135mm length tapered cleat, the shear zone length 
range was +23mm to -15mm from the mean 104mm. The shear zone height range 
was +4mm to -9mm from the nican Mnini. 
Soil flow occurred as the cleat slipped causing the shear zone at the front of the 
cleats to fail at the edges and flow round the sides, this is illustrated by figure 6.3. 
Also the soil within the cleats flowed out to the sides as the cleat moved forward. 
The amount of soil flow was seen to be dependent upon the length of the cleats and 
the height of the cleats from the preliminary tests. The shorter the cleats the more the 
soil was able to flow, creating soil movement in all directions, forwards and 
upwards, backwards and also out to the sides. If the cleats were long, the soil that 
flows around the sides was very small in comparison to what was collected at the 
front. This observation initiated further investigation into three dimensional soil flow 
for different cleats which is discussed in more detail in the next section. 
Direction of cleat travel 
Soil is heaved up in 
front of the cleat 
Fig. 6.3: Plan view of cleat and sand flow during slip. 
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6.3. Comparisons of Cleat Length and Three Dimensional End Effects 
6.3.1. Introduction 
Since the mathematical models were two dimensional, it was important that the 
experimental results to be compared also represented two dimensional behaviour. 
Observations from previous tests have demonstrated that the extent of soil flow was 
dependent upon the cleat length. As the cleat length increased, the soil flow around 
the sides of the cleats decreased in significance. It was deemed necessary to 
investigate this phenomenon to find at what lengths the soil behaviour constituted a 
three dimensional problem with lateral soil flow as opposed to a two dimensional 
problem where the effect of lateral soil flow was negligible. 
During the preliminary tests (results in appendix II) the cleats used were of- 
lengths I d, M and 5d 
width bd 
height hd 
where the cleat dimensions were all multiples of d= 45mm, and the same vertical 
load of 20kg was applied irrespective of cleat length. 
However, in order to achieve a true comparison of different length cleats and to 
investigate the effects of soil flow around the cleats, i. e. three dimensional effects, it 
was necessary to increase the vertical load in proportion to cleat length so that the 
nominal pressure beneath each of the cleats was then the same. Therefore differences 
in traction performance would be due to three dimensional end effects only. 
6.3.2. Experimental Procedure 
The tests were carried out using the experimental procedure in section 5.9. Vertical 
loads of 10kg, 30kg and 50kg were applied to non tapered cleats of height h=d, 
width b=d and lengths I=d (45mm), M (135mm) and 5d (225mm) respectively for 
the first tests. In this way, the nominal pressure beneath the cleats was the same for 
all of the cleats. It became apparent that more results were required for a 
comprehensive investigation and accurate horizontal load (traction force) against 
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cleat length curves, therefore further tests were carried out. The same cleat shape was 
used with additional lengths of I= d12 (23mm), 2d (90mm), 4d (180mm) and 6d 
(270nim) with vertical loads of 5kg, 20kg, 40kg and 60kg respectively. The tests 
were then all repeated with a different cleat shape. A narrower cleat width of b= d12 
(23mm) was selected with the same lengths I= d12 (23mm), d (45mm), 2d (90mm), 
M (135mm), 4d (180mm), 5d (225mm) and 6d (270mm) and corresponding vertical 
loads as before. The horizontal load (traction force) per unit of cleat length (load per 
d) and sinkage were plotted against cleat length. 
6.3.3. Sinkage Results 
The results of the first tests using cleats of width b=d and height h=d are shown in 
table 6.3 and are illustrated by figure 6.4. Initial sinkage was on average 2mm for the 
cleat length I= d12 (23mm) and 3mm for the cleat length I=d (45mm). Initial 
sinkage was negligible for all the other lengths. 
Actual sinkage and sinkage with respect to soil flow for the front and rear cleat are 
shown for the different cleat lengths in figure 6.4. It may be seen that actual sinkage 
at both the front and rear cleat is approximately consistent over all cleat lengths with 
the exception of length I=d This demonstrates that actual sinkage is, as expected, 
determined by the nominal pressure beneath the cleats, which was the same for all 
lengths. Sinkage with respect to soil flow, however, was affected more by three 
dimensional effects. Flow sinkage at the front cleat was greater than that of the rear 
cleat due to sand flowing from the front around the sides, and sand moving around 
the rear cleat filling in behind. It may be seen that the flow sinkage decreases with 
increased cleat length (except for length I= d12), due to the three dimensional 
effects becoming less significant. For cleat length I= d12, the reduced sinkage with 
respect to soil flow was thought to be due to the minimal amount of sand heaved up 
at the front and flow and therefore lower around the sides. 
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Table 6.3: Cleat width b=d (45mm) and height h=d (45mm). Measurements in mm unless stated. 
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Figure 6.4: Actual and flow sinkage against cleat length for cleat b=h=d 
The tests were then repeated using cleats of width b= d12 (23mm) and height h=d 
(45mm). The results shown are shown in table 6.4 and figure 6.5. On initial loading 
the cleats of width 23mm produced virtually full sinkage. 
Actual sinkage and sinkage with respect to soil flow for the front and rear cleat are 
again shown for the different cleat lengths in figure 6.5. Overall, sinkage was seen to 
be approximately proportional to nominal pressure, the cleat width b= d12 was 
approximately double that of b=d Actual sinkage at both the front and rear cleat is 
approximately constant over all cleat lengths with the exception of length I= 5d 
This again demonstrates that actual sinkage is determined by the nominal pressure 
beneath the cleats, which was the same for all cleat lengths. Sinkage with respect to 
soil flow, however, showed greater three dimensional effects. During virtually all the 
tests the sand flowed over the top of the front cleat as slip occurred. The sinkage 
measurement included the total height of the cleat (62mm) and the depth of sand on 
top of the cleat. 
93 
0.5 13 
ult, ple 
456 Cleadength in ms of d 
deeilen Ftsin(acO Fksüt(to) Rsirik(acO Frsii*(l0) Ü*betckäs Wüsink slipdg Tft) shzonelen shmretä vertbad bed 
62 52 59 51 72 62 32 71 7 5l* 30 5 14 
d12 52 57 51 74 61 31 75 7 40, 30 5 14 
cV2 56 60 56 72 64 28 75 6.5 81 25 5 13 
nieam533 rnearr-5&7 rmarF52.7 ffeam72.7 mrr-31.3 MrF--. 
d 
mrr-13.7 
d 56 64 52 73 69 21 83 9 64 35 10 9 
d 56 63 56 64 w 19 67 9 58 60 10 9 
d 55 63 55 67 66 31 62 8.5 106 30 10 8.5 
maarF55.7 mean=63.3 mBari=54.3 niaarpW. 0 nyr-23.7 MI=8.8 1 mr-8.8 
2d 55 67 57 69 69 43 88 115 145 43 20 6.8 
2d 12, 59 la, 67 63 40 70 1Z5 142 42 20 6.3 
2d 49 62 49 76 70 43 100 115 124* 35 20 6.8 
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4d 48 56 47 66 60 42 84 22 156 45 40 5.5 
4d 
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47 55 47 69 61 41 105 23 Ur 47 40 5.8 
4d 51 60 51 79 64 44 135 23 192 49 40 5.8 
mwir-48.7 nimrpW. 0 rmow4&3 mBar-71.0 nir42.3 nr==7 nTF5.7 
5d 52 87 69 40 180 27.5 198 M 50 5.5 
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Table 6.4: CIcat width b= d12 (23mm) x hcight h=d (45mm). 
Flow sinkage at the front cleat was greater than that of the rear due to sand flowing 
from the front around the sides, and sand moving around the rear cleat filling in 
behind. It may be seen that the flow sinkage at the front increased slightly with 
increased cleat length, whereas flow sinkage at the rear decreased slightly with 
increased cleat length. The amount of flow sinkage at the rear cleat approached that 
of actual sinkage. It was thought that sand flow from in between the cleats was made 
easier because of the smaller cleat width and therefore greater gap. There was also 
much greater sinkage overall for the narrower cleat, increasing the amount of sand 
heaved up at the front, and flowing around the sides. 
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Figure 6.5: Actual and flow sinkage against cleat length for cleat b= dI2, h=d 
6.3.4. Traction Force Results 
Overall, the horizontal loading required to induce slip followed a consistent pattern. 
Figure 6.6 shows traction force (horizontal load) per unit length d (load per d) against 
cleat length for both the 23mm and 45mm cleat widths. From the graph it can be 
seen. for the smaller cleat lengths, up to 90mm (2d), the load per length d required to 
induce slip is significantly greater, but reduces with increased length. This effect is 
due to the three dimensional flow of sand apparent with the smaller cleat lengths. As 
the cleat length increases, it can be seen that the three dimensional effects become 
less significant. The three dimensional end effects are shared between each unit of 
cleat length d and as the length increases, the effects become a smaller part of the 
traction per unit length (d). Hence the curve becomes horizontal as each unit of cleat 
length (d) contributes approximately the same constant traction force. 
Having carried out the first experiments using the 45mm width cleat the experiments 
were repeated with another cleat width, 23mm, to check that the curves became 
95 
0.5 1345 Cleadength in multiples of d 
Horizontal load/d against cleat length I 
16 
14 
12 
10 
0) 
CL 
'D 
m 
0 
2 
0 
0.5 12345 
cleat length in multiples of d 
(d = 45mm) 
Fig. 6.6: Load/d against cleat length 
horizontal in a similar way and this could then be assumed for all cleat shapes. The 
reason for the anomaly at cleat length M is unknown. 
The 23mm width cleats produced nearly twice as much sinkage as the 45mm cleats 
which has contributed to the greater resistance to slip, and hence greater horizontal 
load per unit cleat length (d). The variation of horizontal loading for each of the 
cleats was also much less for the 23mm width cleats. It can be seen from the graph 
that the variation has almost halved. This suggests that greater initial sinkage 
probably helps repeatability. 
The results for each of the cleats were all within +/- lkg with the exception of results 
for the cleat width h=d of length 2d (90mm), which varied between +1.6 to -1.4kg 
b--45mm 
b--23mm 
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from the mean 7.4kg and results for the cleat width b=d of length 5d (225mm), 
which varied between +1.4 to -0.9kg from the mean 12.9kg. 
Originally, it had been expected that results would become more accurate (produce 
less variation) when smaller increments of horizontal load were applied, however, 
this was found not to be the case when O. Ikg and 0.2kg increments were used. The 
variation was not improved and the mean was seen to increase. It was apparent that 
the loading rate was a major factor when traction was seen to increase when the 
horizontal load was applied more gradually, Le. in smaller increments. This would 
imply a reduced stress condition within the soil shear zone allowing higher loading 
before failure occurred. There was insufficient time to investigate this loading rate 
effect, therefore the loading rate was returned to 0.5kg increments to enable 
comparability with previous results. Due to the greater sinkage of the 23mm width 
cleat, greater horizontal loading was apparent, which is clearly illustrated by figure 
6.6. 
6.3.5. Conclusions 
It was expected that as cleat length increased, the three dimensional effects of soil 
flowing around the sides of the cleats would become less significant. Therefore a 
number of tests were carried out using two cleat widths, 23mrn and 45mm, and seven 
cleat lengths 23mm, 45mm, 90mrn, 135mm, 180mm, 224mm and 270mm. The 
vertical load that was applied during these tests was in proportion to cleat length, 
I Okg per 45mm (d), so that the nominal pressure beneath all cleats was the same. 
Ref j effing to figures 6.4 and 6.5, as expected, sinkage is approximately constant 
because it is determined by the nominal pressure beneath the cleats. Sinkage was 
much greater for the 23mm. width cleats than for the 45mm, cleats. In fact, it can be 
seen that the sinkage approximately doubled which implies that sinkage is 
proportional to nominal pressure. 
From figure 6.6, the three dimensional end effects were seen to become less 
significant as cleat length increased. The curves are seen to approach the horizontal 
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at 4d, for both cleat widths, and at that cleat length, approximately two dimensional 
behaviour is assumed. To reduce the experimental time, the cleat length 4d was 
selected to represent a two dimensional problem. 
It can be seen that the amount of sinkage significantly affected traction force. 
6.4. Proportion of Traction from Different Cleat Areas 
6.4.1. Introduction 
In previous tests the net traction force that was measured included compressive and 
friction forces between sand and cleats at the front, rear, sides and base. However, it 
was not possible to differentiate between the contributions of these different forces. 
From previous tests it could be seen that the amount of cleat sinkage and therefore 
amount of sand heaved up at the front of the cleat during slip corresponded with 
traction performance. The effect of sand heaving up at the front of the cleats during 
slip was originally thought to be the major contribution to overall traction although it 
was apparent that the friction forces were also important contributory factors. To 
enable traction performance to be properly considered in cleat design it was 
necessary to determine the contribution to traction of the various cleat parts. It was 
also necessary to measure the shear resistance of the sand in front, in between and to 
the rear of the cleat as well as surface friction distribution over the cleat to enable 
comparisons with the results from the mathematical models, which can be used to 
calculate these separate components. 
6.4.2. Experimental Procedure 
To enable comparisons to be made between the experimental results and 
mathematical modelling results the experiments had to be conducted in such a way as 
to create approximately two dimensional soil behaviour. Therefore a cleat length of 
180mm (4d) was selected based on the previous investigation of three dimensional 
end effects. However, as a comparison to this test a cleat length of 45mm (d) was 
also used with the same height and width but with restrictions on soil flow so to also 
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represent a two dimensional problem. The traction distributions obtained using the 
two techniques were then compared. 
For the 45mm length cleats, to produce two dimensional shear of the sand between 
the cleats. in front of the front cleat and rear of the rear cleat, it was necessary to stop 
sand flow around the cleat sides. In addition, it was considered necessary to achieve 
full sinkage in all cases to enable proper comparisons to be made. It was therefore 
decided to use the 23mm width cleat with 3mm Perspex sides, as illustrated by figure 
6.7. because it required less vertical load to initiate full sinkage. By removing sand 
and using Perspex sides to prevent sand from flowing out from in between the cleats 
a representative two dimensional problem was created. The cleat was loaded with 
10kg and the loading pole gently tapped on its side with a steel rule to achieve full 
initial sinkage (45mm) of the cleats. The sand surrounding the cleat was then 
removed by hand at either the sides, in front of the front cleat or to the rear of the 
rear cleat depending on the experiment. The sand was removed carefully so not to 
collapse the sand sides. The horizontal load was applied in I OOg increments using the 
same experimental procedure as before (section 5.9) because of the reduced sinkage 
resistance having removed surrounding sand. This technique was found to be more 
repeatable. 
Perspex 
Figure 6.7: Cleat of width 23mm with Perspex sides 
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The tests using the 45mm cleat were repeated for: 
1. Removal of sand from in front of the front cleat, rear of the rear cleat and from 
the Perspex sides. 
2. Removal of sand from in front of the front cleat only 
I Removal of sand from rear of the rear cleat only 
4. No removal of sand 
5. Removal of sand from in front of the front cleat and rear of the rear cleat. 
The experiments were repeated six times for each case. 
For the 180mm, (4d) cleats, the length had already been identified as producing a 
two-dimensional effect, therefore Perspex sides were not required. Sand was not 
removed from the sides of the cleats because lateral soil flow had a minimal effect 
and also to restrain the sand in between the cleats from flowing out. The same cleat 
height of 45mm and width 23mm was used as before. A 40kg vertical load was 
applied and the horizontal load was applied in 500g increments due to the larger 
shear resistance. The nominal pressure beneath both the 45mm. cleats and the 180mm 
cleats was then consistent. Full initial sinkage of 45mm was again achieved by gently 
tapping on the side of the loading pole before horizontal loading. 
The tests using the 180mm. cleat were repeated for: 
6. Removal of sand from in front of the front of cleat only 
7. Removal of sand from rear of the cleat only 
8. No removal of sand 
9. Removal of sand from in front of the front cleat and rear of the rear cleat only. 
The experiments were repeated five times for each case. 
In experiment I the sand was removed from in front of the front cleat, from behind 
the rear cleat and from the outside of the Perspex sides of the 45mm length cleats, so 
that only the shear of the sand in between the cleats was considered. However, 
adhesive and friction forces beneath the cleats would also be included within this 
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result. Passive and active earth pressures, adhesion at the front and rear and friction 
and adhesion at the sides have been eliminated. 
In experiment 2 sand was removed from in front of the front cleat only, so that the 
shear resistance of the sand in between the cleats, friction and adhesion at the sides, 
rear and beneath, and active earth pressure at the rear of the cleat contributing to slip 
(a negative effect on traction) was considered. 
In experiment 3 sand was removed from the rear of the rear cleat only, so that the 
shear resistance of the sand between the cleats, friction and adhesion at the sides, 
front and beneath, and the passive earth pressure at the front of the cleat was 
considered. As the sand is heaved up at the front it acts like a brake. Removal of sand 
at the rear, increases overall traction since the active earth pressure at the rear is 
removed. 
In experiment 4 when no sand was removed, shear resistance, friction and adhesion 
on all surfaces was considered as well as passive and active earth forces. The 
experiment also acts as a control throughout the series of tests enabling the 
investigation into the effect of active and passive pressure as well as traction 
distribution over the whole cleat. 
In experiment 5 sand was removed from in front of the front cleat and from behind 
the rear of the 45mm length cleats, so that only the shear of the sand in between the 
cleats and friction and adhesion at the sides was considered. However, adhesive and 
friction forces beneath the cleats would also be included within this result. Passive 
and active earth pressures and adhesion at the front and rear have been eliminated. 
In experiment 6 removal sand was removed from in front of the front cleat only for 
the 180mm cleat, so that the shear resistance of the sand between the cleats, friction 
and adhesion at the sides and beneath, and active earth force at the rear was 
considered. 
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In experiment 7 sand was removed from the rear of the rear cleat only so that the 
shear resistance of the sand between the cleats, friction and adhesion at the sides and 
beneath, and the passive earth pressure at the front of the cleat was considered, as in 
experiment 3. 
In experiment 8 when no sand was removed around the 180mm cleat, shear 
resistance, friction at the sides and beneath the cleats, and adhesion on all surfaces 
was considered as well as passive and active earth forces. 
In experiment 9 sand was removed from in front of the front cleat and from behind 
the rear of the 180mm length cleats, so that only the shear resistance of the sand in 
between the cleats and friction and adhesion at the sides and beneath was considered. 
Passive and active earth pressures and adhesion at the front and rear have been 
eliminated as in experiment 5. 
6.43. Results Using Cleat Length 45mm (d). 
The mean and variation have been calculated for each of the five experiments. Since 
100g increments were used when loading horizontally the results were all within +/- 
5% of the mean with the exception of experiment 4, which was +15/-20%. Variation 
of results was also minimised due to the consistency of the sinkage condition, which 
was full in all cases. The cleats were also positioned in the same part of the tray for 
each experiment and a stopper was used to stop the tray from sliding off the end of 
the rollers. Maximum slip distance was achieved for the second and fifth experiment, 
tables 6.6 and 6.9 respectively. It can be seen that the net horizontal force, traction, 
has been minimised with the removal of sand from in front of the front cleat, i. e. 
removing the passive earth resistance. 
Traction was seen to increase when sand was removed from the rear, since active 
earth pressure was removed. However, unexpectedly, the greatest traction force was 
seen when no sand was removed, when all forces were applied to the cleats and sand. 
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Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (full) 128 6.2 
45 (full) 199 6.5 
45 (full) 215 6.2 
45 (full) 252 6.5 
45 (full) 370 6.6 
45 (full) 315 6.5 
Mean 6.42 +0.18/-0.22kg 
Table 6.5: Exp. I Removal of sand from front, rear and sides of cleat (length d). 
Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (full) 378 6.1 
45 (full) 387 5.9 
45 (full) 378 5.7 
45 (full) 378 6.3 
45 (full) 374 6.0 
45 (full) 373 5.9 
Mean 5.98 +0.32/-0.28kg 
Table 6.6: Exp. 2 Removal of sand from front of cleat only (length d). 
Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (full) 127 8.5 
45 (full) 105 8.5 
45 (full) 235 8.5 
45 (full) 144 8.5 
45 (full) 221 9.0 
45 (full) 110 8.5 
Mean 8.58 +0.42/-0.08kg 
Table 6.7: Exp. 3 Removal of sand from rear of cleat only (length d). 
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Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (full) 117 9.0 
45 (full) 105 9.0 
45 (full) 220 8.5 
45 (full) 331 8.5 
45 (full) 115 8.5 
45 (full) 68 (premature sup) 
336 (fun sup) 
7.0 
8.0 
mean + I. L: )I- 1. /. DKg 
Table 6.8: Exp. 4 No removal of sand (length d). 
Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (full) 380 6.8 
45 (full) 377 6.6 
45 (full) 372 6.9 
45 (full) 379 6.7 
45 (full) 380 6.8 
45 (full) 375 6.8 
Mean 6.77 +U. 13/-U. 17kg 
Table 6.9: Exp. 5 Removal of sand from front and rear of cleat only (length d). 
This was thought to be due to the resistance to sand displacement, for example, when 
sand has been removed from the rear of the cleat the remaining sand at the front and 
sides can flow into that space, but when no sand has been removed there is no space 
in which to flow, which means the flow of sand is made more difficult. Therefore 
flow was increased when sand was removed from the sides, front or rear of the 
cleats. 
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Load (kg) % Total traction 
Total traction (exp. 4) 8.75 100 
Traction from between$ cleats only (exp. 1) 6.42 73.4 
Traction from between* cleats and side adhesion (exp. 5) 6.77 77.4 
Traction from front, between* and sides (exp. 3) 8.58 94.3 
Traction from behind, between* and sides (exp. 2) 5.98 68.3 
Traction from behind cleat (from exp. 5& 2) -0.79 -9.0 
Traction from behind cleat (from exp. 4& 3) 0.17 1.9 
Traction in front of cleat (from exp. 5& 3) 1.81 20.7 
Traction in front of cleat (from exp. 4& 2) 2.77 31.7 
Adhesion on cleat sides incl. Perspex (from exp. 1& 5) 0.35 4.0 
* Note that "between cleats" is shorthand for -in between and beneath cleats" 
Table 6.10: Traction distribution 
The percentage traction contributions have been calculated from the means for each 
experiment, table 6.10. The control experiment where no sand has been removed has 
been taken as total traction, i. e. 100%. The individual traction contributions of the 
different cleat areas include in between and beneath the cleats, cleat sides, in front of 
the front cleat and behind the rear cleat. 
There were two different ways of calculating the traction contributions from behind 
and in front of the cleats depending on the experiments used. Both methods have 
been used and the results included in the table below. The percentage of traction 
from behind the rear cleat may be calculated from either experiments 5 and 2, or 
from 4 and 3 with a difference of 5.5%. The percentage of traction from in front of 
the front cleat may be calculated from either experiments 5 and 3, or from 4 and 2 
with a difference of 11%. The average traction distribution result was taken from 
both calculation methods for both the front and rear, 26.2% and -5.45% respectively, 
as shown in the traction distribution summary of figure 6.8. 
The error produced when totalling the individual load contributions, 8.58kg, 
(including average front and rear calculations, adhesion and shear resistance between 
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rear 
-5.45% 
Direction of Cleat 
P, 
2% 
side 
between & beneath 
73.4% 
sidc 
2% 
Figure 6.8: Traction distribution 
firont 
26.2% 
cleats) is 1.9% of the total horizontal load 8.75kg. However, it must be noted that the 
errors incurred if the calculations for front and rear traction contributions had not 
been averaged were of - 10% or + 10% depending on which calculations were used. 
This experimental error has therefore been averaged out. It is also thought that the 
resistance due to soil flow increases traction, which is reduced when areas of sand 
are removed. For example, removing sand in one area of the cleat, affects the earth 
forces in a different area, i. e. removing sand at the rear reduces passive earth force at 
the front. This is shown in the control experiment, total traction, when no sand has 
been removed where the greatest traction force has been produced. However, this has 
not been investigated at this stage of the research. 
The sand at the rear of the cleat aids slip and is therefore regarded as a negative 
contribution to traction, it includes both adhesion and active earth pressure. The sand 
at the front of the cleat resists slip and is therefore regarded as a positive contribution 
to traction, it includes both adhesion and passive earth pressure. The passive earth 
pressure was found to be significantly larger than the active earth pressure, this was 
to be expected from the mathematical modelling work that has been carried out. 
Originally, the sand that was heaved up in front of the cleat during slip was thought 
to be the major contributor to slip resistance, but this was discovered not to be the 
case. The shear resistance between and beneath the cleats in fact provided most of 
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the traction. This is apparent for wooden cleats on sand and will obviously vary 
according to cleat material and soil type. 
6.4.4. Results Using Cleat Length 180mm (4d). 
The mean and variation have been calculated for each of the four experiments. 500g 
increments were used when loading and the results were again accurate with only 
small variation, less than +/- I kg. Variation of results was again minimised due to the 
consistency of the sinkage condition, which was full in all cases. The cleats were also 
positioned in the same part of the tray for each experiment. The minimum traction 
was produced with the removal of sand from both in front of the front cleat and 
behind the rear cleat. Traction increased when sand was removed from the rear 
compared to the control experiment when no sand was removed, since active earth 
pressure was removed. 
The percentage traction contributions have been calculated based upon the means 
from each experiment, table 6.15. The control experiment where no sand has been 
removed has been taken as total traction, i. e. 100%, and the individual traction 
contributions were calculated as before. 
Both methods of calculating the traction behind and in front of the cleats depending 
on the experiments used are included within the results table below. The percentage 
of traction from behind the rear cleat may be calculated from either experiments 6 
and 9, or from 8 and 7 with a percentage difference of 1.3%. The percentage of 
traction from in front of the front cleat may be calculated from either experiments 7 
and 9, or from 8 and 6 with a similar difference in percentage of 2.2%. The average 
traction distribution result was taken from both calculation methods for both the front 
and rear, 23.4% and -1.1% respectively, as shown in the traction distribution 
summary figure of 6.9. 
107 
Initial sinkage (mm) Stip distance (mm) Horizontal load (kg) 
45 (ftill) 144 17.5 
45 (full) 112 17.5 
45 (full) 164 18 
45 (ftill) 152 18.5 
45 (full) 132 17.5 
Mean 17.8 +0.7/-0.2kg 
Table 6.11: Exp. 6 Removal of sand from front of cleat only (length 4d). 
Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (full) 111 24 
45 (full) 97 23 
45 (full) 88 22 
45 (full) 62 23 
45 (full) 103 23 
Mean 23 +/- I kg 
Table 6.12: Exp. 7 Removal of sand from rear of cleat only (length 4d). 
Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (fiill) 123 23 
45 (full) 84 22 
45 (full) 105 23 
45 (full) 97 23 
45 (full) 109 23.5 
Mean 22.9 +0.6/-0.9kg 
Table 6.13: Exp. 8 No removal of sand (length 4d). 
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Initial sinkage (mm) Slip distance (mm) Horizontal load (kg) 
45 (flill) 112 17 
45 (full) 93 17.5 
45 (full) 85 17.5 
45 (full) 137 18 
45 (full) 67 17 
Table 6.14: Fxp. 9 Removal of sand from front and rear of cleat only (length 4d). 
Load (kg) % Total traction 
Total traction (exp. 8) 22.9 too 
Traction from between* cleats and sides only (exp. 9) 17.4 75.98 
Traction from front, between* and sides (exp. 7) 23 100.44 
Traction from behind. between* and sides (exp. 6) 17.8 77.73 
Traction from behind cleat (from exp. 6& 9) -0.4 -1.75 
Traction from behind cleat (from exp. 8& 7) -0.1 -0.4 
Traction from in front of cleat (from exp. 7& 9) 5.6 24.45 
Traction from in front of cleat (from exp. 8& 6) 5.1 22.3 
* Note that -between cleats- is shorthand for "in between and beneath cleats" 
Mean 17.4 +0.6/-0.4kg 
Table 6.15: Traction distribution 
rear 
Direction of Cleat 
Beneath, between & sides 
75.98% 
firont 
23.38'Yo 
Figure 6.9: Traction distribution 
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The error produced when totalling the individual load distributions, 22.5kg, 
(including average front and rear calculations, adhesion and between cleats) is 1.7% 
of the total horizontal load 22.9kg. The experimental errors were of similar 
magnitudes irrespective of averaging or which calculation was used for the front or 
rear traction contribution. 
These four experiments have enabled the calculation of traction distribution for a two 
dimensioral problem, without the use of Perspex sides. 
6.4.5. Conclusions 
Traction distribution has been investigated using two methods to approximate a two 
dimensional problem. One method used Perspex sides to prevent three dimensional 
soil flow and the other used a cleat long enough to reduce the significance of three 
dimensional soil flow as concluded from previous analYsis. The two sets of results 
are in good agreement. 
The use of Perspex sides and a small cleat length has produced an error, 1.9% 
compared to 2.8% for the cleat length 4d. However, had the traction contributions 
from the front and rear not been averaged for the 45mm cleat length, the error would 
have been significantly larger, +/-10%. A reduction in active earth force (including 
adhesion forces) is apparent between the two cleat lengths, with the 45mm length 
having P,, (including adhesion forces) of -5.45% compared to -1.1% for the 180mm 
length. Passive earth force is also greater for the shorter cleat length, 26.2% 
compared to 23.38%. 
Overall, both methods produced very similar characteristics. The majority, 
approximately 75%, of traction was generated from the shear resistance in between 
and beneath the cleats, which was not expected. It was thought that the resistance 
from sand heaved up at the front would produce the most traction but instead was on 
average 25% of the total traction force. The negative contribution to traction, from 
the rear was small, in comparison, on average 3%. The adhesion between the cleat 
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sides was 4% of the total traction with Perspex sides from the 45mm cleat 
experiments but was not calculated separately for the 180mm cleat. 
6.5. Effects of Cleat Height, Width and Taper. 
6.5.1. Introduction 
A two level, full factorial, investigation was conducted to consider all possible 
combinations of two cleat heights (h =d and d12), two cleat widths (b =d and d12), 
with and without a cleat taper, where the base unit d, is 45mm. The full factorial 
investigation, considering all possible geometric combinations, created eight (2 3) 
experiments: 
1. d, b=d (no taper) 
d (taper) 
3. h=d, b= d12 (no taper) 
4. h=4b= d12 (tapcr) 
5. h= d12, b=d (no taper) 
6. h= d12, b=d (taper) 
7. h= d12, b= d12 (no taper) 
8. h= d12, b= d12 (taper) 
All experiments were carried out using a cleat length I= 4d (180mm) since this 
length was considered to have negligible three-dimensional effects as discussed 
previously, and a vertical load of 40kg. Each test was repeated five or six times. 
For two of the experiments (5 and 7) using a 23mm cleat height (h = d12), a 
shallower sand depth of half that used previously, but with the same sand density, 
was tried to see if tray preparation time could be reduced. Traction forces were 
compared for both sand depths but no significant differences were seen. The 
shallower depth could only be used for the shorter cleat height h= d12. In order to 
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compare these experiments with the others it was necessary to account for the 
reduction in tray weight, 0.125kg was therefore added to the horizontal loads of 
experiments 5 and 7. This weight addition was calculated based upon the horizontal 
load required to pull an empty tray, a tray full of the nomial mass of sand in previous 
tests without the application of a loaded cleat, and therefore the difference in 
horizontal load required to pull a tray with half the nonnal mass of sand. 
6.5.2. Results 
The results for each of the eight experiments are summarised in table 6.16, and the 
cleats are ranked according to their tractive performance. Brief comments on each 
experiment are given below. A detailed statistical analysis of these results is reported 
in chapter 7. 
Exp Cleat Cleat Taper Av. initial Av. Sink. Av. Av. Rank 
height width sink. after slip Horizontal Load/d 
b (MM) b (MM) (MM) (MM) load T (kg) 
I d d 901, 0.6 31.1 11.7 2.9 7 th 
(45) (45) 1 
2 d d 700 28.2 33.4 17.7 4.4 6' 
(45) (45 
3 d d/2 90* 42.3 48.5 22.7 5.7 2 nd 
(45) (23) (full) 
4 d d/2 70" 41.8 47.9 23.6 5.9 Ist 
(45) (23) (full) 
5 d/2 d 90* 0.5 20.4 11.33 2.9 8th 
(23) (45) (11.2+ 
0.125) 
6 d/2 d 700 23 28.5 19.1 4.7 4w 
(23) (45) (full) (full) 
7 d/2 d/2 900 23 23 18.73 4.7 5th 
(23) (23) (full) (full) (18.6+ 
0.125) 
8 d/2 d/2 70" 23 23.9 21.3 5.3 -Tý 
(23) (23) (full) (full) 
Table 6.16: Cleat geometry combinations (d = 45mm) 
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6.5.2.1. Eneriment I 
The average horizontal load was 11.67kg with a range of 9.5-12.5kg. The cleats 
themselves were not considered to be fully sunk during slip in most cases (see table 
6.16), but the soil flow out of the sides was restricted during slip due to the length of 
the cleats, which were observed to be full towards the centre of the cleat length. 
6.5.2.2. Eneriment 2 
For the first tapered experiment, the horizontal load was 17.67kg with a range of 17- 
18.5kg. For most of the tests the cleats became full. It must also be noted that on 
applying the vertical load, without any horizontal load, the initial sinkage was small. 
However, when approximately 5kg of horizontal load was applied, a large amount of 
sinkage was produced with minimal slip. The tests were therefore continued until slip 
occurred. 
6.5.2.3. Experiment 3 
The average horizontal load was 22.67kg with a range of 22-23kg. The cleat became 
full after slip for all of these tests. 
6.5.2.4. Eneriment 4 
For the second tapered experiment, the average horizontal load was 23.6kg with a 
range of 23-24kg. Virtually full sinkage was produced after initial vertical loading. 
6.5.2.5. Experiment 5 
The average horizontal load was 11.33kg with a range of 9.625-12.125kg. The cleats 
themselves were not considered to be fully sunk during slip in most cases (see table 
6.16), but as with experiment 1, soil flow out of the sides was restricted during slip 
and therefore the cleats became full towards the centre of the cleat length. 
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6.5.2.6. ELcperiment 6 
For the third tapered experiment, the average horizontal load was initially 10.3kg 
with a range of 9-11.5kg. Very small initial sinkage was achieved on initial loading 
but the cleats became full after slip. The slip distance was also very small. The tests 
were therefore repeated since the first series of tests only considered the small 
amount of slip associated with initial horizontal loading as in experiment 2. After full 
slip was initiated the average horizontal load was increased to 19. lkg with a range of 
18-20kg. 
6.5.2.7. ENperiment 7 
The average horizontal load was 18.73kg with a range of 17.625-19.625kg. The 
cleats became full for four out of the six tests. The other two tests were carried out 
using a force meter due to the non-availability of weights within the laboratory. The 
horizontal load was therefore removed as slip occurred, not creating as much soil 
flow. 
6.5.2.8. Eneriment 8 
For the fourth tapered experiment, the average horizontal load was 21.3kg with a 
range of 20.5-22.5kg. For three of the tests, very small sinkage occurred after initial 
vertical loading, however, during initial horizontal loading the cleats fully sank with 
minimal slip as in previous experiments. The remaining tests became full on initial 
vertical loading. Similar results were obtained for all tests regardless of initial 
sinkage conditions. 
6.5-3. Preliminary Observations 
The effects of cleat height, width and taper on traction are analysed using ANOVA in 
chapter 7, however, sinkage and its effect on traction will be discussed here. The 
cleats have been ranked from first to eighth, with the first having the most traction 
and the eighth having the least. 
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Comparing experiments I and 5, both of cleat width b=d, both did not sink after 
vertical loading. On slip, the cleats were still not fully sunk. The small amount of 
sinkage resulted in a reduced traction force, only I 1.33kg and I 1.7kg for cleat height 
h= d12 and h=d respectively. 
With the exception of the cleat of width b=d (experiment 5) all cleats, with and 
without taper, of height h= d12 fully sank after initial loading, resulting in high 
traction forces. 
The cleats of height h=d did not sink fully on initial vertical loading. The two 
narrow cleats produced the greatest sinkage. As mentioned previously, the cleat 
width b=d did not sink at all under initial vertical loading. 
All cleats that sank fully after slip produced greater traction forces than those that 
were not full regardless of cleat height. 
In all cases, comparing tapered to non-tapered cleats, i. e. experiments I and 2,3 and 
4,5 and 6, and 7 and 8, the taper produced greater traction although not necessarily 
greater sinkage. For wider cleats, the taper increased sinkage during slip and for the 
narrower cleats, the taper produced a reduction in sinkage. Comparing narrow to 
wide cleats, i. e. experiments 3 and 1,5 and 7,2 and 4, and 6 and 8, the narrow cleats 
all produced significantly more traction and sinkage than the wider cleats. 
The full sinkage of the height h= d12 cleats (experiment 6) when compared to the 
partial sinkage of the cleat of height h=d (experiment 2) was more significant in 
providing traction than the increase in cleat height. In previous experiments it has 
become clear that wide, non-tapered cleats (experiment 1) do not sink and provide 
little traction as seen again in these experiments. The taper improved sinkage and 
traction considerably for both cleat heights h=d and h= d12. Although this is 
apparent for wooden cleats on sand, it is not to say that the same would occur in 
different terrain conditions and with different cleat materials, although it is expected 
that similar results would be found. 
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Do 
, garding the accuracy of these tests, some results were very close together. For 
example, experiments I and 5 ranked seventh and eighth respectively, and 
experiments 6 and 7 ranked fourth and fifth respectively. With such small differences 
in horizontal load the rank order should not be considered significant. However, the 
other tests results indicate a clear rank order. 
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7. Analysis of Experimental Results Using 
Taguchi Methods 
7.1. Introduction 
A two level, full factorial, investigation was conducted to consider all possible 
combinations of two cleat heights, two cleat widths, and with or without a taper, as 
discussed in section 6.5. The sinkage results have been previously discussed, 
however, the effects of cleat height, h, cleat width, b, and taper, T, are now 
analysed using the statistical analysis tools of Taguchi. 
Taguchi's method utilises conventional statistics in the design and quality 
improvement of products and processes. Taguchi's strategy aims to reduce 
variation and improve quality at lower cost simply by following strict guidelines 
for experimental layout and analysis of results. The statistical tools used provide a 
highly effective technique for design optimisation. 
Taguchi uses orthogonal arrays to minimise the number of experiments needed for 
the consideration of main effects and some interaction effects. The analysis of 
variance (ANOVA) is used to interpret the experimental data and make decisions 
regarding which parameters affect the average performance and to what degree. It 
provides methods for estimating percentage contribution, the mean, confidence 
intervals and experimental error. 
7.2. Experimental Design 
7.2.1. The Variables 
Eight experiments, 23 full factorial, were used to investigate the effects of three 
factors; cleat height (h), cleat width (b), and taper (7). The experiments were two 
level, using the values shown in table 7.1, which results in the following eight 
experiments: 
I. h=clb=dandnotaper 
117 
Factors Level 1 Level 2 
h (height) h, =d h2 = d/2 
b (width) b, =d b2 = d/2 
T (taper) T, (no taper) T2 = 701(taper) 
Table 7.1: Three factors, two levels. 
2. h= it b=d and taper 
3. h=4b= d12 and no taper 
4. h=d, b= d12 and taper 
5. h= d12, b=d and no taper 
6. h= d12, b=d and taper 
7. h= d12, b= d12 and no taper 
8. h= d12, b= d12 and taper 
7.2.2. Interaction 
Interaction describes a condition where the influence of one factor upon the result 
is dependent on another factor. Interaction is expressed by inserting 'x' between 
the interacting factors. For example, if the factors h and T were said to interact, this 
effect would be written as hxT. Changing the level of h would alter the influence 
of Ton the result and visa versa. 
It was considered necessary to consider all of the interactions between factors in 
these experiments, (h x b), (h x 7) and (T x b), as well as the main effects h, b and 
T (but not the three way interaction). 
7.2.3. The L8 Experimental Design 
To investigate the three main effects and three interaction effects mentioned above 
an appropriate orthogoml array is required. This embles the separate effects to be 
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readily identified. The orthogonal array shown in table 7.2 [86] enables a23 full 
factorial set of experiments to be analysed. 
The factor level combinations for the eight experiments are defined by the L8 
orthogonal array. The three factors are assigned to columns 1,2 and 4. The other 
columns are assigned to the various interactions. For any one factor (or 
interaction), at one level, all other factors (and interactions) are set an equal number 
of times at level I and at level 2. For example, consider the first four experiments 
(trials), cleat height is set at level I and all other factors (and interactions) are set an 
equal number of times at level I and at level 2. This means that, when the four 
results for cleat height (h) at level I are averaged, the effects of the other factors 
and interactions occur equally at all levels. Hence, the mean result for h at level 1 
takes account of all other factors and interactions at all levels. 
The seventh column of the L8 array, interaction (h xbx 7), was not used because 
the three way interaction was neglected. The eight experiments were all repeated 
six times. The average results for the eight experiments are shown in table 7.3, and 
the six repetition results from each experiment are shown in table 7.4. The 
computation for ANOVA is now carried out. 
Column 
rial 
h b 
2 
hxb 
3 
T 
4 
hxT 
5 
Txb 
6 
hxbxT Average 
7 Results 
I I I I I 1 11.7 
2 1 1 2 2 2 2 17.7 
3 1 2 2 1 1 2 2 22.7 
4 1 2 2 2 2 1 1 23.6 
5 2 1 2 1 2 1 2 11.3 
6 2 1 2 2 1 2 1 19.1 
7 2 2 1 1 2 2 1 18.7 
8 2 2 1 2 1 1 2 21.3 
Total 146.2 
Table 7.2: L8 orthogonal array 
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Av. initial Av. Sink. Av. Rank 
Trial h (mm) b (mm) T sink. after slip Horizontal 
(MM) (MM) load (kg) 
................. I d d 900 0.6 31.1 11.7 7 
(45) (45) 
2 d d 70" 28.2 33.4 17.7 6" 
(45) (45) 
3 d d/2 900 42.3 48.5 22.7 2r- 
(45) (23) (full) 
4 d d/2 70" 41.8 47.9 23.6 ................. 1 
(45) (23) (full) 
5 d/2 d 900 0.5 20.4 11.3 ...................... 8 
(23) (45) 
6 d/2 d 70* 23 28.5 19.1 
(23) (45) (full) (full) 
7 d/2 d/2 901, 23 23 18.7 515'- 
(23) (23) (full) (full) 
8 d/2 d/2 70* 23 23.9 21.3 3 rd 
(23) (23) (full) (filli) 
Table 7.3: Experimental results 
Trial R, R2 R3 R4 R5 R6 Average 
1 12.5 11.5 12.5 12.5 11.5 9.5 11.7 
2 17.5 17 17.5 18 17.5 18.5 17.7 
3 22 23 23 23 22 23 22.7 
4 23.5 23.5 23 24 24 24 23.6 
5 11.5 9.5 11.5 12 11.5 13 11.3 
6 18.5 18 18.5 20 19.5 20 19.1 
7 18.1 18.6 18 18.5 19.5 19.5 18.7 
8 21 22 20.5 22.5 20.5 21 21.3 
Table 7.4: Results with six repetitions 
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7.3. Analysis of Variance (ANOVA) 
The Analysis of Variance (ANOVA) is a statistical technique used to analyse and 
provide a measure of confidence in the experimental results. ANOVA determines 
the variability of the data being measured and hence the confidence that can be 
attributed to the results of the analysis. 
In the analysis of variance a number of quantities such as degrees of freedom, sums 
of squares, mean squares, pure sums of squares, etc., are computed and arranged in 
a standard tabular format. These ANOVA quantities are estimates of population 
parameters dependent upon the size of sample investigated. The estimates improve 
as the number of samples increases. 
The purpose of this section is to record the ANOVA calculations undertaken and 
not to fully explain the principles of ANOVA which are well explained in Roy 
[86]. The calculations recorded were undertaken using the procedures described in 
Roy [86]. 
7.3.1. Degrees of Freedom (DOF) 
The degrees of freedom concept may be considered to allow one degree of freedom 
for each independent comparison that can be made in the data. Each of the three 
factors (h, b and 7) has a DOF of I (number of levels - 1). The DOF for the 
interactions are computed by multiplying the DOF of each of the interacting 
factors. The total DOF for each of the three factors and three interactions is in this 
case 6. The appropriate Taguchi array cannot have a DOF less than the total DOF 
of the experiment. Since the L8 array has a DOF of 7, it is suitable. 
In these experiments there are n trials (n = 8) and r trial repetitions (r = 6) and 
therefore nxr trial runs (see table 7.4), therefore the total DOF becomes: 
f, =nr-I 
f, = 47 
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The error DOF can then be calculated by subtracting the DOF for factors and 
interactions from the total DOE 
fe --=ft -fH -fb -fHxb -fT -fHxT -fbxT 
fe = 41 
7.3.2. Level Totals and Their Averages 
The level totals are obtained by adding the results of all trial conditions at the level 
considered. Their average is obtained by dividing the totals by the number of data 
points added. For example, the total for cleat height at level I (hj) is obtained by 
adding all the results for trials I to 4 (six repeats of each) from table 7.4. 
, 
Zhi = 12.5 + 11.5 + 12.5 + 12.5 + 11.5 + 9.5 + 17.5 + 17 + 17.5 + 18 + 17.5 
18.5 + 22 + 23 + 23 + 23 + 22 + 23 + 23.5 + 23.5 + 23 + 24 + 24 + 24 
454 
h, =454/24 
= 18.92 
, 
Zý2 423.2 
Di 359.5 
D2 517.7 
, 
E(hxb), = 415.7 
h2 17.63 
14.98 
21.57 
Fhx -b), = 17.3 2 
, 
E(h x b)2 = 461.5 fh-x 
-b)2= 19.23 
ETi =3 87.2 
a2 = 490 
, 
E(h x T), 448 
, 
E(h x T)2 429.2 
, 
E(T x b), 408.5 
, 
E(T x b)2 468.7 
T= 16.13 
i2- = 20.42 
fh-x- Tý, = 18.6 7 
Fhx -T)2 = 17.88 
fT-x-b), = 17.02 
TT-x -b)2 = 19.53 
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Column Factors Level I Level 2 (L2 - LI) 
I h 18.92 17.63 -1.29 
2 b 14.98 21.57 6.59 
3 (h x b) 17.32 19.23 1.91 
4 T 16.13 20.42 4.29 
5 (h x T) 17.88 18.67 0.79 
6 (T x b) 19.53 17.02 -2.51 
Table 7.5: Average effects 
The results for each factor and level are presented in Table 7.5. The difference 
between the average for each factor at levels I and 2 indicates the influence of the 
factor. The larger the difference, the stronger the influence. 
Looking at the main effects, since 'bigger is better', improvements at level 2 are 
seen for factors b and T while level 2 for factor h causes a decrease in performance. 
Hence the optimum factor levels are hi b2 and T2 which is experiment number four 
with the highest traction force. 
In table 7.5, the mean influence of individual factors (main effects) is separated 
from the influence of interaction between factors. However, interactions can be 
revealed by the graphical method, figure 7.1. For example, figure 7.1 shows the 
main effects h and b, at levels I and 2, with and without taper, (TI and T2). If the 
lines are parallel then there is no or slight interaction, if the lines are not parallel the 
factors h and b interact. Since factors b and h without taper, (TI), will cross 
interaction between the two factors (h and b) is present. Since b and h with taper, 
(T2), also cross interaction is also present. The relative significance of these 
interaction effects and the main effects is obtained by ANOVA. 
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h1 
Horizontal 
load (kg) 
Tj T2 
Factors 
Figure 7.1: Interaction of main effects (hxb) 
7.3.3. Sum of Squares 
The sum of squares is a measure of the total deviation from the mean of the 
experimental data. The total deviation is obtained by summing each squared 
deviation. 
Total sum of squares: 
st (yi -yy 
where Y is the average of Y, and Yj is the traction value of each of the 48 trial runs. 
Or, 
S= EY12 _ (? / ) In= 16944.82 - 16030.83 = 913.99 
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bi b2 bi b2 
Where, 
Total of all results, t= 877.2 
Total number of experiments, n= 48 
Factor sum of squares: 
Sh = 
(Zhj-Eh2 )2 
_ 
(423.2 
- 454)2 
= 19.7 (Nk + Nh' 
F (24 + 24) 
where, Nk, = total number of experiments in which factor h, is present. 
Nk2 = total number of experiments in which factor h2 is present. 
Sb = 521.40 
S(w) = 43.70 
ST = 220.16 
S(h, 7) = 7.36 
S(r., b) = 75.50 
Se = St - (Sh + Sb + S(h,, b) + ST + 
SA-4) + Saýý) 
= 913.99 - 887.88 
= 26.11 
73.4. Mean Square (Variance) 
Variance measures the distribution about the mean of the data. 
Sum of Squares Variance =-= St If Degrees of Freedom 
Vh = Sh lfh = 19.76/1 = 19.76 
Vb = Sb lfb = 521.40/1 = 521.40 
V(h,, b) = S(w) Ifih., &) = 43.70/1 = 43.70 
VT = STIfT = 220.16/1 = 220.16 
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V(h,, 7) = S(h, 7) IfA, 7) = 7.3 611 = 7.3 6 
V(T.,, b) = S(T,, b) lf(r,, b) =75.5 1 /1 =75.5 1 
V, = S, If, = 26.11/(47-6) = 0.637 
7.3.5. Variance Ratio 
The variance ratio, F, is the ratio of variance due to the effect of a factor and 
variance due to the error term. F is used to measure the significance of the factor 
under consideration with respect to all the factors included in the error term The F 
value is calculated and then compared with a value of F obtained from standard 
tables for a given level of statistical significance. The F-tables used in this analysis 
are given in Appendix IV. When the computed F value is less than the value of F 
determined from the tables for a particular level of significance, the factor is 
deemed insignificant. 
To calculate R. 
Fh = VhIV, = 19.76/0.637 = 31.02 
Fb = VbIV, = 521.40/0.637 = 818.52 
F(h., b) = V(h,, b)lVe = 43.70/0.637 = 68.60 
FT = VTIVe = 220.16/0.637 = 345.62 
FM.,, 7) = V(h., 7) lVe = 7.3 6/0.63 7= 11.5 5 
F(n, b) = V(r.,, b)lVe = 75.51/0.637 = 118.54 
Fe = VelVe =I 
To use the F-tables, the DOF of the numerator determines the column and the DOF 
of the denom7mator detennines the row. The intersection is the F value. A higher 
confidence value may be chosen to reduce the risk of an error, but then a larger 
variance ratio (F value) will be required to conclude that the factor is significant at 
that level of confidence. 
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7.3.6. Pure Sums of Squares 
The variation in the traction results can be attributed to significant factors, or 
interactions, by calculating their percentage contribution. This is a function of the 
sums of squares for each significant item and indicates the relative power of the 
factor to influence variation in the results. In these calculations the pure sums of 
squares are used, which are obtained by subtracting an error term as follows [85]. 
SI= Sh 
-fi, V, = 19.76 -1 x 0.637 = 19.12 
S'b = Sb -fb V. = 521.40 -Ix0.637 = 520.76 
S'(h.,, b) = S(h,, b) -f(h,, b) V, = 43.70 -Ix0.637 = 43.06 
SIT = ST-fT V, = 220.16 -Ix0.637 = 219.52 
S'(h,, 7) = S(h,,, 7) -f(h.,, 7) V, = 7.3 6-Ix0.6 37=6.72 
S'(r., b) = S(nb) -fir,, b) Ve = 75.51 -Ix0.637 = 74.86 
S 
e, = 
Se + Ve (fh + fb + f(h, 6) + fT + f(h,, 7) + f(7 -ýý b) =26.2 7+0.6 37 (6) =30.12 
7.3.7. Percentage Contribution 
The percentage contribution of a factor is obtained by dividing the pure sum of 
squares for that factor by the total sum of squares, SI, and multiplying the result by 
100. 
Ph = Sl x 1001S, = 2.09 
Pb = SS xI 001S, = 56.98 
P(h., b) S(h,, b) xI OOISI = 4.71 
PT =STXI OOISt = 24.02 
P(h, q) = S(h, 7) xI OOISt =0.74 
Pq,, t) = S(r,,, b) xI 001S, = 8.19 
Pe =SeX 1001S, = 3.3 
The results of the analysis of variance are summarised in table 7.6. 
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73.8. Pooling 
The effect of factor (h x 7) is very small, only 0.74%. This factor can be pooled to 
obtain a new estimate of S, andf,, as follows. 
Sum of Squares of error: 
Se --= St - (Sh + Sb + S(h., b) + ST + S(r., b) = 913.99 - 880.53 = 33.46 
DOF of effor term: 
f, =f, -fh -fb -fh.,, b -fr -fb,, T = 47 -5= 42 
Variance of error term: 
V, = S, If. = 33.46/42 = 0.797 
F Ratios: 
Fh = VVV, = 19.76/0.797 = 24.79 
Fb = Vb1Ve = 521.40/0.797 = 654.2 
F(hA) = V(hA) IVr = 43.70/0.797 = 54.83 
FT = VTIV, = 220.16/0.797 = 276.24 
F(TA) = V(rA)1Ve = 75.51/0.797 = 94.74 
Fe = VolVe =1 
Pure Sums of Squares: 
Sl = Sh -fhV, = 19.76 -Ix0.797 = 18.96 
S'b = Sb -fbV, = 521.40 -Ix0.797 = 520.60 
S'(h,, b) = S(h,, b) -f(h, &) V, = 43.70 -Ix0.797 = 42.90 
S'T = ST -fT V, = 220.16 -Ix0.797 = 219.3 6 
S'(r,, b) = S(T,, b) -f(r,, b) V, = 75.51 -Ix0.797 = 74.71 
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Sle = Se + Ve (fh +A+ fiho) + fT + f(r. -b) =33.4 6+0.7 97 (5) =37.4 5 
Percentage contributions: 
Ph = Sl x 1001S, = 2.07 
Pb = Sb x 1001St = 56.96 
P(h,, b) = S(h,, b) XI OOISI = 4.69 
PT --= SIT xI 001S, = 24.0 
P(Fxb) = S(nb XI 001S, = 8.17 
P, =Sex 1001S, = 4.1 
The results of the pooled analysis of variance are summarised in table 7.7. 
Pooling increases the DOF of the error term, which increases the confidence level 
of the other factors. Since trials have been repeated, a naturally large error DOF 
results, therefore pooling is not always necessary. By increasing the number of trial 
repeats, the error DOF increases, and therefore the level of confidence will 
increase. However, since repeating trial runs may be expensive or time consuming, 
the number of repeats 
Factor DOF Sum of Variance Variance Pure Sum of Percentage 
f Squares v Ratio F SquaresSl ContributionP 
h 1 19.76 19.76 31.02 19.12 2.09 
b 1 521.40 521.40 818.52 520.76 56.98 
(h x b) 1 43.70 43.70 68.60 43.06 4.71 
T 1 220.16 220.16 345.62 219.52 24.02 
(h x 7) 1 7.36 7.36 11.55 6.72 0.74 
(b x 7) 1 75.51 75.51 118.54 74.86 8.19 
Error/ other 41 26.27 0.637 1 30.12 3.3 
Total 47 887.89 100 
Table 7.6: Analysis of Variance (ANOVA) Table 
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Factor DOF 
f 
Sum of 
Squares 
Variance 
v 
Variance 
Ratio F 
Pure Sum of 
Squares S' 
Percentage 
Contribution P 
h 1 19.76 19.76 24.79 18.96 2.07 
b 1 521.40 521.40 654.20 520.60 56.96 
(h x b) 1 43.70 43.70 54.83 42.90 4.69 
T 1 220.16 220.16 276.24 219.36 24.0 
(h x 7) (1) (7.36) Pooled 
(b x 7) 1 75.51 75.51 94.74 74.71 8.17 
Error/ other 42 33.46 0.797 1 37.45 4.1 
Total 47 887.89 100 
Table 7.7: Pooled Analysis of Variance (ANOVA) Table 
must be weighed against the accuracy of the estimate. Sometimes pooling is 
required until the pooled DOF equals approximately half of the total DOF but not 
in this case. 
To determine whether a factor should definitely be pooled a test of significance 
should be performed. A level of confidence between 90% and 99% is usually used. 
From the F table at a confidence level of 90%, F0.1 (1,42): 
F= 2.8354 
From the F table at a confidence level of 99%, F0.0 1 (1,42): 
F=7.3141 
At 99% confidence, i. e. 1% risk, in this case all of the factors and interactions are 
significant since the F ratios are all greater than the F table value. This is true 
whether or not we pool the (h x 7) interaction term Since the percentage 
contribution due to error is low, 15% or less [851, then it is assumed that no 
important factors were omitted from the experiment. Note that, although we can 
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say that, with 99% confidence, all factors and interactions are significant, their 
relative importance is determined by their percentage contribution. 
7.3.9. Conridence Interval of Factor Effect 
The confidence interval is a minimum and maximum value between which the true 
average should fall at some particular confidence level. A high confidence level 
may reduce risk but it results in a wider confidence interval, lowering the chance of 
the true average being outside the stated limits. 
F(l, n2)v, 
n 
Where 
F(l, n2) =F value from F table at required confidence level at DOF I and error 
DOF n2 
Ve = Variance of error term 
n= Number of trials 
At a confidence level of 99%, 
n2 =41, or 42 (pooled), and F=7.3 141 
V, = 0.637, or 0.797 (pooled) 
n=8 
C. I. = 0.763kg at the 99% confidence level (before pooling) 
C. I. = 0.854kg at the 99% confidence level (after pooling) 
And, at a confidence level of 90%, 
F=2.8354 
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C. I. = +/- 0.475kg at the 90% confidence level (before pooling) 
C. I. = +/- 0.53 1 kg at the 90% confidence level (after pooling) 
The C. I. applies to all main and interaction effects. 
It can be seen that pooling produced larger confidence intervals. Therefore the 
pooling strategy was not necessary and deeming factor (h x 7) to be insignificant 
was not useful as it increased the confidence interval. 
7.4. Discussion of Results 
Taguchi's method has been used to analyse the results of eight experiments (a full 
factorial set). It has not been used to minimise the number of experiments. The 
analysis of variance (ANOVA) has determined the significance of main effects h, b 
and T and interaction effects (h x b), (h x 7) and (T x b) of cleat geometry on 
traction. 
Considering the percentage contributions in the ANOVA table, table 7.6, main 
factors b and T are seen to have a very strong influence on cleat traction 
performance with only a slight influence by factor h The percentage contributions 
of b and T are 56.98% and 24.02% respectively, h is 2.09%. Interactions between 
factors are also confirmed present. Interactions (h x b) and (b x 7) are 4.71% and 
8.19% respectively. The interaction effect (h x b) is greater than the main effect h. 
Therefore, due to the interaction (h x b), see figure 7.1, the cleat height should be 
set to h=d (hj) to maximise the influence of b. There is a strong interaction 
between factors b and T, and b and h with only a slight interaction between h and T. 
Such interaction activity has confirmed the decision to use full factorial 
experiments. If the number of experiments had been minimised, the interaction 
effects would have been neglected. Initially, the interaction (h x 7) was pooled 
because its contribution was so small, 0.74%. However, pooling of this factor was 
found to increase confidence intervals. All main factor effects and interaction 
effects were found to be significant at a confidence level of 99%. 
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The optimum factor levels are h, b2 and T2, trial number 4 with the highest traction 
result (horizontal load of 23.6kg). This means that traction performance is 
increased with a decrease in cleat width, an increase in cleat height and a taper. 
Since factors b and T have a great effect on traction performance these should be 
the focus of further study of cleat geometry on traction performance. More than 
two levels should be investigated. 
At a 99% confidence level, the experimental error was 4.1%. Since it is low it is 
assumed that no important factors were omitted from the experiment. 
A confidence interval of +/- 0.531 kg (pooled) compared to +/- 0.475 kg (before 
pooling) was calculated at the 90% confidence level. Pooling was therefore not 
necessary and in fact reduced confidence. As confidence increases, the confidence 
interval decreases. This interval could be slightly improved with finiher trial 
repetitions, but the time consumption deems this unpractical. Current confidence 
intervals are considered satisfactory. 
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8. Comparisons of Mathematical and Experimental Results 
8.1. Introduction 
In this chapter, the mathematical models developed in chapter 4 are validated by 
comparing theoretical results with the experimental results reported in chapters 6 
and 7. 
A number of experiments have been carried out using the soft ground slip-rig. 
Initially the tests were to evaluate the performance and repeatability of the rig, and 
to establish a test procedure. The testing then investigated cleat length and three 
dimensional soil flow (end effects) to identify at which cleat length two 
dimensional effects were dominant. A series of traction distribution experiments 
using two different cleats were then carried out and compared. Finally eight, full 
factorial experiments were also conducted to investigate the effects of cleat height, 
width and taper on traction, which were then analysed using Taguchi's techniques. 
The experimental work was conducted in parallel with the mathematical modelling 
development. To validate the mathematical models, some of the experiments were 
simulated. Sinkage results were input into the models, with the corresponding 
vertical load, cleat geometry and cleat and soil friction properties thus enabling 
experimental and theoretical results to be compared. 
The experiments to investigate the effects of cleat height, width and taper were 
simulated in MATLAB using the total traction model, developed from triangular 
and quadrilateral shear zone models. The total traction model (section 4.5) assumes 
passive and active triangular shear zones at the front of the front cleat and rear of 
the rear cleat, respectively, and the interaction of passive and active quadrilateral 
shear zones in between the cleats as illustrated by figure 8.1. The amount of initial 
sinkage was input into the model so that the full and partially full sinkage 
conditions could be modelled. 
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Figure 8.11: Simulation oftotal traction 
The traction distribution experiments were also simulated using the total traction 
model. Since full sinkage was induced, the applied vertical load was applied 
uniformly to the sand between and beneath the cleats. The various contributions to 
the total traction force were obtained from the computer models and compared to 
experimental results 
8.2. Effects of Cleat Width, Height and Taper on Traction 
The experimental -ýork. reported in section 6.5, has been simulated using the 
mathematical models to enable comparisons to be made. Eight experiments were 
used to investigate the effects of cleat height, width and taper and have been 
analysed using Taguchi's techniques in the previous section. A cleat length of 
1 ý4d (180mm) was used since this length was shown to have negligible three 
dimensional effects as discussed in section 6.3. The two dimensional modelling 
results could therefore be compared to the experimental results. 
The unit weight, )ý,, of the dry sand used in the mathematical models was calculated 
based on the density of sand used during the experiments, y=0.0 1 6x 1 0-3 N/MM3. 
The soil shear angle (0) for dry sand of the required density was estimated to be 
27' [11 J. The friction angle (6) for dry sand on the wood used for the cleat pieces 
was unknown, therefore 5= 10' was selected based on the mathematical modelling 
results. For 6= 10'. the magnitudes of total traction were smaller than that of the 
experimental results but minimum variation from the experimental results was 
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achieved. The sand was also assumed to behave as a purely granular soil, therefore 
cohesion, c,, and adhesion, c,, were equal to zero. A direct shear test would, 
however, have provided more accurate values. The cleat geometry and initial 
sinkage results for an applied vertical load of 40kg, (Fb) were input into the 
computer models for total traction. For the first set of results using the total traction 
model (table 8.1) all of the cleats were considered to be partially full so that the 
vertical load was not applied to the soil between the cleats. Although sinkage 
increased with slip, the initial sinkage results were input into the model to achieve 
the lower limit. The vertical load was assumed to act approximately equally across 
each cleat, FW2 was therefore transferred to the soil beneath each cleat. For the 
second set of results using the total traction model (table 8.2), the cleats were 
considered to be full. IMe cleats were considered to be completely full of soil to 
achieve the upper limit, even though during the experiments the cleats were not 
entirely full. It %-as expected that the experimental results would fall between the 
upper and lower limits. The vertical load applied to the cleats was applied to the 
soil in between and beneath the cleats. Ile transfer of load to the soil via the cleats 
or the soil in between was assumed to be at the same pressure, which was 
Elp Cleat 
height 
11 (mm) 
Cleat 
%idth 
b (mm) 
Taper Init. 
SinLage 
(mm) 
Alin 
total 
traction 
Quad 
shear zone 
bet'n cleats 
Triang'r 
passive zone 
Triang'r 
active zone 
T (N) a,. O CEpq* Ppt (N) CEpt* ,C Pat (N) CEIlt 
1 45 45 go* 1 69.232 25 25 0.005 24.5 0.0 55.5 
2 45 45 70" 28 77.337 0.5 0.5 6.146 18.5 0.353 51.5 
3 45 23 900 43 83.885 1.5 1.5 9.583 24.5 1.0 55.5 
4 45 23 70" 42 88346 1.5 2.5 13.828 18.5 0.795 51.5 
5 23 45 900 1 69.232 25 25 0-005 24.5 0.0 55.5 
6 23 45 70* 23 74.110 0.5 3.5 4.147 18.5 0.238 5 1.5 
7 23 23 900 23 74.255 35.5 21.5 2.742 24.5 0.244 55. S- 
8 23 23 70" 23 75.646 0.5 5.5 4.147 18.5 0.238 51.5 
Table 8.1: Total traction results including passive and active earth forces in front 
of the front cleat and behind the rcar cleat respectively, and all shear angles, for 
partially full cleats (c, = c, = 0). Refer to figure 4.13. 
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calculated using the vertical force over the total width of cleats, and gap between 
the cleats (2bj + b2). A vertical load of 40kg was used as in the experiments for 
180mm length cleats. This mass simulates the applied vertical force on the ground 
due to the bodyweight of a soldier. 
8.2.1. Partially Full Condition 
The experimental results were simulated using the MATLAB computer model for 
total traction and assuming all cleats were partially full. The rank order of the 
cleats, in terms of total traction force and based on the theoretical results, matched 
the experimental results with two exceptions. Experiment 2, the tapered cleat of 
height, d, and width, d, which resulted in the sixth highest traction performance in 
the experimental results was third in the modelling results. Experiment 6, the 
tapered cleat of height, d12, and width, d, which resulted in the fourth highest 
traction performance in the experimental results was sixth in the modelling results. 
However, the rank- order of the other cleats was the same for the experimental 
results and modelling results. 
It can be seen in table 8.1 that for partially full cleats and a cohesionless granular 
soil, the passive earth resistance at the front of the front cleat contributes most to 
traction, an average of 9% for tapered cleats and 4% for non tapered cleats. 
The active thrust behind the rear cleat, which has a negative affect on traction 
perforniance, was an average of 0.6% of the total traction for both tapered and non 
tapered cleats. 
The contribution of active and passive earth forces increases with increased 
sinkage, as does the total traction. Referring to figure 4.13 the remaining 
contribution to traction is produced from the horizontal components of R, Rp and 
R. since cohesive and adhesive forces are zero in this case. 
The cleats of full height, 45mm, and narrow width, 23mn-4 (experiments 3 and 4) 
were seen to produce significantly higher passive resistance than the others cleats 
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as shown in table 8.1. The tapered cleat (experiment 4) produced the greatest 
passive earth force whereas the non-tapered (experiment 3) produced the greatest 
active force. Experiments I and 5, however, produced the least passive and active 
earth force, similar to the actual experiments, due to their lower sinkage. It may be 
concluded that a greater passive earth resistance is achieved with greater sinkage. 
When comparing tapered to non tapered cleats of the same geometry, the tapered 
were seen to produce the greater passive earth force due to the greater sinkage 
achieved. So it can be seen that the passive and active earth forces increase 
significantly with sinkage, especially when full sinkage occurs. 
Comparing tapered to non tapered cleats for the same cleat height and width, the 
taper significantly increases the passive earth force but this is not so apparent for 
the active earth force. For example, considering cleats of height d and width d12 
(experiments 3 and 4), which also have the same amount of sinkage, P, 't is reduced 
from 0.921N to 0.717N with taper, and Pp, is increased from 9.583N to 13.828N 
with taper. However, for cleats with minimal sinkage (experiments I and 5), these 
trends do not apply since the passive and active earth forces are negligible. 
The minimum passive earth force for the triangular shear zone at the front was 
achieved at the same shear angle for tapered cleats, %, = 18.5", and the same shear 
angle for non tapered cleats, apt = 24.5' (angle was required to be greater than zero, 
minimum angle 0.5*). The maximum active earth force for the triangular shear 
zone at the rear was also always achieved at the same shear angle for tapered cleats, 
aw = 51.5*, and the same shear angle for non tapered cleats, cý, j = 55.5' (angle was 
required to be greater than zero, minimum angle 0.5'). The shear angles for 
triangular shear zones were therefore independent of sinkage for the triangular 
shear zones. 
For the interacting passive and active quadrilateral shear zones between the cleats, 
non tapered cleats are seen to produce equal passive and active zone shear angles 
with the exception of experiment 7. The shear angles for the interacting passive and 
active quadrilateral shear zones between the cleats are quite varied due to the 
various sinkage levels that have been attained, from 0.50 for experiments 2,6 and 8 
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to 35.5* for experiment 7 (passive shear zone). Unlike the triangular shear zones, 
the shear angles for the interacting quadrilateral shear zones were dependent on 
sinkage, although it is not possible to determine a pattern from the results. 
The theoretical magnitudes of the total traction force, for partially full cleats, are 
significantly lower than the experimental values (range of approximately 69N-88N 
compared to a range of 80N-23ON for the experiments). The magnitude of the 
theoretical results, however, increases with increased friction angle, 05, due to the 
horizontal component of R, but 8= 10* for the wooden cleat material was selected. 
The low traction force results from the mathematical model are probably due to the 
build up of sand in front of the cleat test piece that occurs during slip (see figures 
5.10-5.12). Since sinkage also increases during slip, the amount of soil that forms 
in front of the cleats also increases with slip, and the model does not take this into 
consideration, thus the passive earth force in front of the front cleat is 
underestimated. 
8.2.2. Full Condition 
Despite the fact that not all cleats achieved full sinkage all of the cleats were then 
modelled as being full to obtain upper limits. When the cleats were considered to 
be full of sand the magnitude of all the forces became significantly larger, as shown 
by the results in table 8.2, since the vertical load was also applied to the sand in 
between the cleats, as well as that under the cleats. It is not possible to compare the 
rank order of experimental and theoretical results in terms of total traction force 
due to the fact that most of the cleats in the experimental work did not actually 
achieve full sinkage. 
It can be seen in table 8.2 that for full cleats and a cohesionless granular soil, the 
passive earth resistance at the front of the front cleat contributes an average of 4% 
for non tapered cleats and 6% for tapered cleats. 
The active thrust behind the rear cleat, which has a negative effect on traction 
perfomiance, was an average of 0.36% of total traction for both tapered cleats and 
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Exp Cle2t 
height 
If (mm) 
Cleat 
width 
b (mm) 
Taper Full 
sinkage 
(mm) 
Min 
total 
traction 
Quad 
shear zone 
bet'n cleats 
Tri2ng'r 
passive zone 
Tri2ng'r 
active zone 
I T (N) 
-; zTqQ 
apq 0 Ppt (N) CEpt* Pat (N) a, t* 
1 45 45 900 45 133.887 0.5 0.5 10.495 24.5 1 1.084 55.5 
2 45 45 70" 45 139.343 0.5 0.5 15.874 18.5 0.823 51.5 
3 45 23 901, 45 185.763 0.5 0.5 10.495 24.5 1.084 55.5 
4 45 23 70" 45 189.471 0.0 2.5 15.874 18.5 0.823 51.5 
5 23 45 901, 23 125.829 0.5 0.0 2.742 24.5 0.263 55.5 
6 23 45 70* 23 149.748 0.5 2.5 4.147 18.5 0.215 51.5 
7 23 23 900 23 175.103 0.5 0.5 2.742 24.5 0.263 55.5 
8 23 23 70* 23 181.930 0.5 5.5 4.147 18.5 0.215 51.5 
Table 8.2: Total traction results including passive and active earth forces in front 
of the front cleat and behind the rear cleat respectively, and all shear angles, for full 
cleats (c, = cc = 0). Refer to figure 4.13. 
non tapered cleats. 
The magnitude of the total traction force has significantly increased for all 
experiments when modelled as full compared to partially full, the vertical force due 
to body weight being applied to the soil between and beneath the cleats. For the 
theoretical models, 8= 101 and the corresponding horizontal component of R,, Rp 
and R,, are significant contributors to total traction. However, the magnitude of the 
total traction force for full cleats remains low, with the exception of experiments I 
and 5, when compared to the experimental results. As discussed previously, this is 
probably due to the low passive earth force achieved from the theoretical model, 
which does not consider the build up of sand at the front during slip. Full sinkage 
maximises this error since the passive and active earth forces, at the front and rear 
of the test piece, increases with sinkage and build up due to the increased weight of 
the triangular soil shear zones. 
The shear angles for both triangular shear zones (passive and active) remained 
unchanged from the partially full condition, for all cases. However, the shear 
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angles for the interacting passive and active quadrilateral shear zones were 
different for the full condition. The active quadrilateral zone shear angle, Cý'q, was 
equal to 0.5* for all experiments and the passive quadrilateral zone shear angle, oýq, 
was equal to 0.5* for all non tapered cleats and between 0.51 and 3.5* for tapered 
cleats. Thus approximately horizontal shear occurred in all cases. 
Although the shear angles for both the passive and active triangular shear zones 
remained unchanged from the partially full condition, the magnitudes of the 
passive and active earth forces have increased with sinkage. Obviously, for those 
experiments that achieved full sinkage (experiments 6,7 and 8) but were modelled 
as partially full without the applied vertical load to the soil between the cleats, 
these earth forces remain the same for both partially full and full conditions. 
When cleats of the same geometry but different heights (d and d12) are compared, 
i. e. experiments I and 5,2 and 6,3 and 7,4 and 8, the total traction forces for the 
cleats of height h= d12 are approximately 6% below those of height h=d with the 
exception of experiment 6. This demonstrates the factor of height, h, has little 
effect on increasing traction. This was to be expected since the majority of traction 
is obtained from the soil in between the cleats, which remained the same. When 
tapered and non tapered cleats of the same geometry are compared, traction is 
increased (up to 16%) as seen in the experimental results. Comparing the two cleat 
widths, d and d12, for cleats of the same remaining geometry, i. e. experiments I 
and 3,2 and 4,5 and 7,6 and 8, the total traction force for the narrower cleat 
width, d12, and therefore greater gap between the cleats, is 28% greater than cleats 
of width, d. This again demonstrates the importance of the factor of width, b, to 
increasing traction since the majority of traction was produced from the soil in 
between and beneath the cleats. 
8.2.3. Comparison of Modelling and Experimental Results 
The experimental results are compared to the total traction model results (for both 
partially full and full) in table 8.3. When the modelling results for both the partially 
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Exp Cleat 
height 
11 (mm) 
Cleat 
width 
b (mm) 
Taper Init. 
sinkage 
(mm) 
Full 
sinkage 
(mm) 
Part full 
cleats 
total 
traction 
T (N) 
Full 
cleats 
total 
traction 
T 
Exper. 
Results 
Total 
traction 
T (N) 
1 45 45 900 1 45 -7 69.232 133.887' 87 114.78 
2 45 45 70" 28 45 77.337' 139.343' 1: 7: 3:.! 
3 45 23 900 43 45 83.885' 185.76633 7 9 222 . 6" 
4 45 23 70" 42 45 88.346' , 9.4711- - 23FI-. 52--r- 
5 23 45 901, 1 23 69.232-7 125.829 
- - 
-TI -1.1! 11.13T- 
- - - 6 23 45- 70* 23 23 74.1 106 -1-4 9-. 7-48 -ý' ý' -T8 7 .J 
7 23 23 901, 23 23 74.255 i75163T 82.76 
8 23 23 70" 23 23 4 75.646 -181.935T 208.95 
" Rank order in terms of total traction force for full and partial full model and experimental results 
Table 83: Total traction model results for partially full and full cleats and total 
traction experimental results (c, = c, = 0). 
full and full conditions are compared to the experimental results, the magnitude of 
the theoretical total traction force results are small. The partially full model was 
based on initial sinkage data, even though the cleats were seen to sink ffirther 
during slip. Conversely, the full model assumes the weight is evenly distributed 
over the soil beneath and in between the cleats hence the two models were 
considered to represent two extremes for sinkage conditions. The modelling of full 
cleats assumes the cleats to be completely full, whereas in the experiments full 
sinkage could only be achieved in the centre of the gap between the cleats. 
Therefore, it would be expected ideally for the experimental results to fall 
somewhere in between the two sets of theoretical results. 
The rank order in terms of horizontal traction force is now compared for the 
theoretical models and experimental results (bearing in mind not all cleats became 
fully sunk). The rank order of the partially full cleats is the same as the 
experimental rank order with the exception of experiment 2. Experiment 2 
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(h = d, b=d and tapered), ranked third for the partially full model but sixth in the 
experimental results. The rank order of the full cleats is the same as the 
experimental rank order with the exception of experiments 6 and 7. Experiments 6 
(h = d12, b=d and tapered) and 7 (h = d12, b= d12 and non tapered), ranked fifth 
and fourth respectively for the partially full model but fourth and fifth in the 
experimental results. Although the magnitudes of total traction produced by the 
models differ from the experimental work, the same traction versus cleat geometry 
trends are demonstrated. Experiment 4 (h = d, b= d12 and taper) produces the 
greatest traction force and experiment 5 (h = d12, b=d and no taper) produces the 
least traction force in all three cases for both theoretical and experimental results as 
shown in tables 8.3. 
In the experimental work, greater sinkage was shown to increase traction 
performance, this was also demonstrated by the models. All components of the 
total traction force were seen to increase with greater sinkage. Full sinkage was 
seen to be the major factor in maximising traction in both the experimental and 
modelling results. The geometric factors of taper, smaller cleat width and greater 
cleat height were all seen to increase sinkage as well as increase traction 
independently of sinkage in both the experimental work and in the modelling work. 
The full model showed the cleat height to increase traction by 6%, cleat taper by up 
to 16% and cleat width was shown to increase traction by 28%. 
8.3. Traction Distribution 
Some further experimental work has been simulated using the mathematical 
models. Tests were carried out to investigate the distribution of traction over 
various parts of the cleats such as the sand between the cleats, in front of the cleats 
(passive earth force), behind the cleats (active earth force) and under the bottom of 
the cleat test pieces. In the experimental work, two dimensional soil flow was 
produced by firstly, adding Perspex sides to the cleats, and secondly, using 180mm 
(4d) length cleats which were shown to produce negligible three dimensional 
effects. The experimental work using the cleat length of 4d was simulated using the 
theoretical model. In the model, cohesion and adhesion were equal to zero due to 
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using dry sand and the friction angle 46 was selected to equal to 10* based on the 
modelling results. The experimental work has been discussed in full within section 
6.4, including the proportion of traction from different cleat areas. 
The passive traction force produced at the front of the cleat was simulated using a 
triangular shear zone as illustrated by figure 8.1. The active traction force at the 
rear of the cleat, acting in a negative direction, and therefore opposing traction, was 
simulated using a triangular shear zone. The sand in between the cleats was 
simulated using the combined passive and active quadrilateral shear zones model. 
The traction produced from beneath the cleats, the horizontal component of R, was 
also included. The geometric factors of the non tapered cleat used to investigate 
traction distribution (h = d, b= d12 and I= 4d) were input into the MATLAB 
model to enable a two dimensional simulation and comparison of results. 
The full sinkage condition was achieved for the traction distribution experiments so 
that the sinkage variable was removed. Therefore only the full sinkage model for 
total traction was used. For this condition, the pressure beneath the cleats and on 
the soil in between the cleats was the same. 
8.3.1 Comparison of Modelling and Experimental Results 
The shear angles for the passive and active triangular shear zones, apt and aýj, were 
24.5" and 55.5" respectively for the non tapered cleat. The passive shear zone is 
seen to be larger than the active shear zone as reported in soil mechanics texts 
Traction (N) % Total Traction 
Traction Total 189.471 100 
Traction in front of cleat, Pp 15.874 8.4 
Traction rear of cleat, A, -0.823 -0.4 
Traction between cleats 174.420 92.1 
Table 8.4: Traction distribution for mathematical model, full condition. 
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Direction of cleat 
10 
rear between and beneath front 
-0.4% 
Figure 8.2: Traction distribution obtained from mathematical model 
18,111. The combined passive and active quadrilateral shear zones model was used 
to calculate the shear angles in between the cleats, apq and Cý'q, which were nearly 
all 0.5' (angle was required to be greater than zero, minimum angle 0.5'). The 
traction distribution results (table 8.4) are illustrated by figure 8.2. The traction 
distribution obtained from the mathematical model may be compared to the 
distribution obtained from the experimental work, figure 8.3. 
The total traction from the mathematical model, 189.47IN may be compared to 
224.65N obtained from the experiments for the same cleat and full sinkage. The 
distribution figure produced from the theoretical model for full cleats illustrates 
how the passive earth force at the front of the front cleat is under estimated. 8.4% 
was achieved by the model compared to 23.4% for the experiment, due to what is 
92.1% 8.4% 
Direction of cleat 
00 
rear between and beneath front 
-1.1% 76.0% 23.4% 
Figure 8.3: Traction distribution obtained from practical experiment using 4d 
length cleat (also see figure 6.9). 
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expected to be the soil build up in front of the front cleat being neglected in the 
model. It is thought that the assumptions of Coulomb, presented in section 3.4.1, 
may have also contributed to the difference between the theoretical and 
experimental results. The percentage contributions of the active earth force, 
opposing traction, 0.8% and 1.1% for the theoretical model and the experiment 
work respectively. 
8.4 Conclusions 
8.4.1. Total Traction Modcl 
A two dimensional total traction model has been developed and coded in 
MATLAB consisting of passive and active triangular soil shear zones, developed 
from standard soil mechanics retaining wall theory, and a newly developed model 
for interacting passive and active quadrilateral shear zones between the cleats. 
Cleat geometry, cleat and soil material properties and sinkage have been input into 
the model to simulate the experimental work for comparison purposes. 
8.4.2. Effects of Cleat Height, Width and Taper 
The eight experiments to investigate the effects of cleat height, width and taper 
have been simulated using the total traction model. The net traction force rank 
order obtained from the model for partially full cleats was the same as that of the 
experimental work, with the exception of experiment 2. The net traction force rank 
order obtained from the model for full cleats was also similar to that of the 
experimental work, with the exception of experiments 6 and 7. 
Increased sinkage has been shown to increase traction significantly in the 
modelling work as well as in the experimental work. Taper and reduced cleat width 
have also been shown to increase net traction in both the modelling and the 
experimental work, partly as a result of increasing sinkage, but also independently 
of sinkage. 
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When compared to the experimental results, the magnitudes of net traction 
obtained from the total traction models are smaller for both the partially full cleats 
(by up to approximately three fold) and full cleat simulations (by up to 
approximately 20%) when compared to the experimental results. This is thought to 
be due, primarily, to the ornission of soil build up in front of the test piece from the 
model and possibly due to the assumptions made by Coulomb. 
8.4.3. Traction Distribution 
The distribution of net traction for the cleat length 4d, at the front of the front cleat, 
rear of the rear cleat, and in between and beneath the cleats was obtained from the 
total traction model. 
The percentage distribution of traction over different parts of the cleat produced 
from the model was seen to be representative of that obtained from the 
experimental work. However, the magnitude of passive earth force at the front of 
the front cleat, 8.4%, obtained from the model was small when compared to the 
experimental result, 23.4%. This therefore affected the magnitude of total traction 
force and the traction produced from in between and beneath the cleats, 92.1% 
from the model compared to 76.0% from the experiment. The active earth force 
was -0.4% from the model compared to - 1.1% from the experiment. 
8.4.4. Performance of the Mathematical Model 
The two dimensional mathematical model that has been developed to simulate the 
net traction of the front and rear cleat assembly has replicated the trends produced 
in the experimental cleat geometry investigation and traction distribution work. 
However, the magnitudes of the modelling results are low when compared to 
experimental results. 
Cleat surface friction angle, 8, was selected to equal to 10" for the modelling work. 
For 8= 10, the magnitudes of total traction were smaller than that of the 
experimental results but minimum variation from the experimental results was 
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achieved. The sand was also assumed to behave as a purely granular soil, therefore 
cohesion, c,, and adhesion, c,, were equal to zero. 
The experimental work was designed to represent a two dimensional problem, 
w ch could be reproduced in the mathematical models to investigate the effects of 
cleat geometry on traction and traction distribution, as previously reported. 
For the eight full factorial experiments to investigate cleat geometry, the accuracy 
of the modelling results was affected by the underestimation of passive earth force 
at the front of the test piece and the omission of build up sand during slip in the 
model. The experimental results did not fall between the upper and lower limits 
obtained from the theoretical results, which would have been ideaL However, the 
traction versus cleat geometry trends are both successfully replicated in both the 
partially full and full theoretical models. 
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Conclusions and Further Discussion 
9.1 Conclusions 
- Soil mechanics has been successfully applied to the theoretical modelling of 
footwear on soft ground. A two dimensional total traction model has been 
created. 
-A soft ground slip-rig has been designed and commissioned. The rig 
produced repeatable results using scaled up cleats. 
- The effects of soil flow, cleat geometry and traction distribution have been 
investigated. Long cleats (I 2ý 4d) with respect to small cleat width (b = d) 
were found to closely represent two dimensional soil flow. 
- Experimental results have been analysed using Taguchi's statistical tool 
Analysis of Variance (ANOVA). 
- The theoretical models have been validated using the slip-rig. Although the 
theoretical model underestimated total traction, the traction versus cleat 
geometry trends were in good agreement. 
- It was found that traction is optimised with taper, increased cleat height and 
narrower cleat width. 
The above conclusions are discussed in more detail in the remainder of this 
chapter. 
9.2 Mathematical Modelling 
Soil mechanics theory has been applied in the mathematical modelling of footwear 
and soft ground interaction. The mathematical models coded in MATLAB have 
been developed from standard retaining wall theory and include complex shear 
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zone interactions and total traction models for different sinkage conditions. The 
results from these models have been compared with the experimental results. 
The two dimensional mathematical models that have been developed enable 
investigation into the effects of cleat geometry, material properties and soil 
conditions on traction performance. The models are based on simple tread 
geometry that was readily reproduced in both the experimental work and the 
mathematical modelling work. The models enable the variation of cleat height, 
width and taper as well as material properties. The models are applicable to 
different soils, cohesive or granular, and different sinkage conditions, which 
include no sinkage, partial sinkage and full sinkage. 
Referring to figure 4.13, the total traction model considers the passive earth force at 
the front of the front cleat, the active earth force behind the rear cleat, the 
interacting passive and active quadrilateral shear zones in between the cleats and 
the friction beneath the cleats for different sinkage conditions, with an applied 
vertical load. 
The traction models require the amount of sinkage to be input and therefore a 
separate sinkage model was considered necessary. Bearing capacity theory, using 
shape factors, would determine when the cleats would sink but would not be able to 
predict the amount of sinkage. It was therefore decided to develop an empirical 
model based on experimental data. Sinkage data from the eight, full factorial 
experiments was used to investigate the relationship between sinkage, vertical load 
and cleat geometry. However, due to the large amount of scatter it was not possible 
to determine any relationships from this data. 
For comparison purposes, the mathematical models were used to simulate the eight, 
full factorial experiments to investigate the effects of cleat height, width and taper 
on traction. Both partially full and full conditions were modelled. The traction 
distribution experiment, using the non tapered cleat of length 4d, was also 
simulated. The modelling results used for comparison were obtained by assuming 
the following properties for the scaled up wooden cleat pieces and the dry sand: 
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Friction angle for wood on sand, 8, delta = 10" 
Friction angle for sand, ý, = 27' 
Unit weight of sand, y, = 0.000016 N/miný 
Cohesion, C,, =0N 
Adhesion, Q, =0N 
9.3 Experimental Work 
A soft ground slip-rig has been developed since it was not considered feasible to 
use or modify existing rigs. The slip-rig uses simple mechanical mechanisms and 
weights to provide applied vertical and horizontal forces, and has shown good 
repeatability. Although a simple design, it is easy to use and calibration of the 
equipment is not required. When the preparation of a soil tray is taken into 
consideration, the addition of a control system or measuring devices would not 
make the experiments easier or quicker to perform or the results more repeatable. 
The experimental results have shown the effects of cleat geometry on total cleat 
traction for sand, and in particular the geometric characteristics that promote 
traction and reduce traction. Scaled up cleats were used to ensure that meaningful 
results could be obtained and so that observations could be made of actual soil 
movement during sinkage and slip. 
In the experimental work, initial tests were carried out to evaluate the repeatability 
and accuracy of the rig and to establish an experimental procedure. Further tests 
were carried out to investigate three dimensional end effects and to identify at 
which cleat length soil flow became representative of a two dimensional problem. 
Eight full factorial experiments were then conducted to investigate the effect of 
cleat geometry on traction. The results were analysed using Taguchi's statistical 
tools. Traction distribution was also investigated to understand the contribution to 
traction of different parts of the cleats. 
From the investigation into three dimensional end effects, a minimum cleat length 
of 4d (180mm) was shown to represent a two dimensional problem. This length 
was therefore applied to both the experimental and mathematical modelling work. 
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The eight full factorial experiments identified traction and sinkage trends with 
changing geometry for tests with sand. A different soil, clay for example, would be 
expected to produce different trends. Traction was seen to increase with taper, 
greater cleat height and narrower cleat width as represented by experiment 4. 
Sinkage was shown to significantly affect traction force, greater sinkage resulted in 
increased traction. Full sinkage was shown to produce a further significant increase 
in traction and this coincided with reduced soil movement during slip, from in front 
of the cleats and around the sides. Greater slip resistance was achieved due to the 
vertical load being applied to the soil in between, as well as beneath the cleats. 
When results from both cleat widths were compared during the investigation into 
three dimensional end effects, sinkage was shown to be proportional to nominal 
pressure beneath the cleats. Cleats that did not sink on initial vertical loading, due 
to a large base surface area (experiments I and 5) produced little traction. Sinkage, 
however, increased during slip, this was clearly observed and confirmed when 
initial sinkage on loading results were compared to sinkage after slip. 
During the traction distribution investigation a Perspex sided cleat and a cleat 
length of 4d were both used to simulate two dimensional soil behaviour. Results for 
both were very similar. Approximately 76% of the total traction was obtained from 
in between and beneath and the cleats, and the cleat sides, 25% from the front of 
the front cleat (passive earth force) and 3% opposing traction behind the rear cleats 
(active earth force). A 2% error was produced in totalling individual load 
contributions. It was initially expected that the majority of traction would be 
produced from soil heaved up in front of the front cleat but this was shown clearly 
not to be the case. 
Taguchi's statistical analysis tools have been applied to the results of the eight full 
factorial experiments. The analysis of variance (ANOVA) has been used to 
determine the variability of the experimental data and hence the confidence that can 
be attributed to the results. ANOVA has determined the significance of the main 
effects, cleat height, h, width, b, and taper, T, and of the interaction effects (h x b), 
(h x 7) and (T x b) on traction. The significance of the effects of b, T and h, on 
traction, in terms of percentage contributions, are 56.98%, 24.02% and 2.09% 
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respectively. Cleat width was found to be the most important factor for maximising 
traction, whereas cleat height has only a small effect. The influence of one factor 
upon another factor, in other words interaction between factors, was confirmed 
present. Interactions (h x b), (T x b) and (h x 7) are 4.71%, 8.19% and 0.74% 
respectively. The strong interaction between b and T shows that the effect of cleat 
width can be optimised when taper is present. Since the interaction (h x b) is 
greater than the effect of h itself, cleat height should be set to level h, to maximise 
the effect of cleat width b. The optimum factor levels, were cleat height at level h, 
(h = d), cleat width at level b2 (b = d12) and cleat taper at level T2 (tapered), which 
corresponds to experiment 4 with the highest traction result. 
9.4 Comparison of Experimental and Modelling Results 
The experiments to investigate the effects of cleat height, width and taper were 
simulated in MATLAB using the total traction model, developed from triangular 
and quadrilateral shear zone models. The initial sinkage, vertical load, cleat 
geometry and cleat and soil friction properties were input into the model so that the 
full and partially full sinkage conditions could be modelled and the experimental 
and theoretical results compared. The traction distribution experiments were also 
simulated using the total traction model. Since full sinkage was induced, the 
applied vertical load was applied to the sand between and beneath the cleats. The 
various contributions to the total traction force were obtained from the computer 
models and compared to experimental results. 
When the eight full factorial experiments were modelled as partially full, the rank 
order in terms of traction performance was seen to be the same as that of the 
experimental results with the exception of experiments 2 and 6. The passive earth 
resistance at the front produced 9% and 4% of total traction for tapered and non 
tapered cleats respectively, with the active earth force at the rear, opposing traction, 
being 0.6% for both tapered and non tapered cleats. Generally, total traction, 
including passive and active earth forces, was seen to increase with sinkage. 
Experiment 4 (h = d, b= d12 and tapered) produced significantly more traction 
than the other cleats in line with the experimental results. 
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The shear angles for the triangular passive and active shear zones were independent 
of sinkage, whereas the shear angles for the interacting passive and active 
quadrilateral shear zones were dependent on sinkage, although it was not possible 
to detennine any trends. 
The magnitudes of the theoretical total traction force results, for partially full 
cleats, were lower than the experimental values (69N to 88N compared to 80N- 
23 IN). This was thought to be due to the underestimation of the passive earth force 
in front of the front cleat due to the build up soil at the front of the test piece during 
slip, which was not considered in the model. 
The eight full factorial experiments were then modelled as full. The rank orders, in 
terms of net traction force, for experimental and theoretical results were the same 
with the exception of experiment 6. The traction produced by the passive earth 
resistance at the front was an average of 4% of total traction for non tapered cleats 
and 6% for tapered cleats. The active earth force at the rear opposing traction was 
an average of 0.36% for both tapered cleats and non tapered cleats. 
Total traction was seen to significantly increase for the full sinkage condition due 
to the loading of the soil in between the cleats. Although most cleats did not 
actually achieve full sinkage experimentally, with the exception of experiments 6,7 
and 8, the magnitude of the total traction force for full cleats remains low when 
compared to experimental results (I 25N to 189N compared to II IN to 23 IN) due 
to the model neglecting soil build up during slip and hence underestimating the 
passive earth force at the front. It was also thought that the assumptions made by 
Coulomb, including the assumption of plane failure (triangular and quadrilateral 
shear zones), could contribute to the error. Although the practical experiments 
produced repeatable results, the effects of experimental error on the comparison of 
results must also be considered. 
The shear angles for both passive and active triangular shear zones remained 
unchanged from the partially full condition, for all cases. For the interacting 
quadrilateral zones approximately horizontal shear occurred. 
154 
Generally, in both the experimental and theoretical results, greater sinkage was 
shown to increase traction performance. All components of the total traction force 
were seen to increase with greater sinkage. Full sinkage was seen to be the major 
factor in maximising traction in both the experimental and modelling results. The 
geometric factors of taper, smaller cleat width and greater cleat height were all seen 
to increase sinkage and hence traction, but also increased traction independently of 
sinkage in both the experimental and modelling work. The full model showed 
increases in traction attributed to factors cleat height, cleat taper and cleat width by 
6%, up to 16% and 28% respectively. This supports the order of importance 
indicated by applying ANOVA to the experimental results. 
The traction distribution was also compared for both experimental and modelling 
results. The non tapered cleat of height h=d, width b= d12 and length I= 4d was 
used, thus representing a two dimensional problem. The contribution to traction 
from beneath and in between the cleats was 92.1% for the mathematical model 
compared to 76.0% for the experiment. The contribution to traction from the 
passive earth force in front of the front cleat was 8.4% for the mathematical model 
and 23.4% for the experiment. The active force opposed to traction from behind the 
rear cleat was 0.4% for the mathematical model and 1.1% for the experiment. This 
again demonstrates that the model underestimates the passive earth force, reducing 
the magnitude of the total traction force and altering the percentage contributions. 
Although an empirical sinkage model based on cleat geometry, load and sinkage 
could not be established due to the scatter of the eight full factorial experimental 
data, during the experiments to determine three dimensional effects using non 
tapered cleats of length I= 4d, height h=d, and width b= d12 and b=d, sinkage 
was seen to be proportional to nominal pressure beneath the cleats. 
9.5 Future Work 
This research has provided useful background information for DCTA on foot- 
ground interaction, and a platform from which to build since little work has 
previously been carried out in this area. Modelling tools have been presented and a 
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soft ground slip-rig developed. However, there are interesting and important 
possibilities for future work. 
9.5.1 Slip-Rig Improvements 
Having used the slip-rig, a number of improvements may be suggested. Currently, 
the contact angle between the cleat assembly (or boot) and the ground is 
determined by the rotation of the cross bar, which leads to an undesirable bending 
moment being applied to the loading pole, especially with a large vertical load 
applied. It is therefore recommended that the angle adjustment be provided at the 
cleat or boot mounting at the end of the loading pole, so that the loading pole 
remains vertical at all times. 
9.5.2 Mathematical Modelling 
It is recommended that the mathematical modelling be further developed using 
finite element techniques. In reality, failure probably occurs along curved shear 
surfaces and not flat planes as assumed by Coulomb, and therefore the shear zones 
may not be triangular or quadrilateral. By using a finite element approach the true 
nature of soil shear could be established. 
Although the difficulty of modelling sinkage has been demonstrated, a sinkage 
model is necessary to enable a full understanding of the interaction between 
footwear and soft ground. The input of actual experimental data would then not be 
required and increasing sinkage during slip could be modelled. 
The mathematical modelling presented in this thesis has been two dimensional, 
however, three dimensional effects including flow of soil around the sides of cleats 
and the build up of soil during slip must now be considered. Cleat design could 
then utilise the three dimensional effects of soil flow to obtain optimal traction, 
which should aim to maximise the soldier performance, whilst minimising the risk 
of injury. 
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The research project that has fbHowed on from this work is based upon finite 
element analysis, further developing the soil mechanics theory that has been 
reported. 
9.5.3 Future Experimental Investigations 
The experimental work to date has been based on wooden cleats on sand. 
Experimenting with clay and mud would be useful to validate the theoretical 
models for use with cohesive soils, however, routine measurement of soil 
parameters would be required because of their variability with any soil other than 
dry sand. Further testing procedures would need to be developed. 
The use of scaled up plastic cleats would enable the investigation of adhesion, cleat 
flexibility and mud shedding. 
Having investigated cleat geometry and traction distribution, it would seem logical 
to develop this further by investigating the effects of cleat configurations (tread 
patterns) on traction for different soils. 
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Appendix I 
1. Soft Ground Slip-Rig Main Frame and Soil Tray 
Dimensions 
Main frame constructed 
from 25mm box tubing 
60 
1680 
All dimensions in mrn. 
Drawing approximately to scale 
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2. Bearing Shaft / Shoe Last Attachment 
29 
Bea 
Bearing 
shaft / 
shoe last 
attacbmen, 
All dimensions in mm. 
Drawing approximately to scale 
Shoe last 
159 
3. Shoe Last Attachment 
38 
is 
5.51 
19 ------- 
8.5c 
8.5dia. 
22 
I 
T 
1410- ý5 
All dimensions in mrn. 
Drawing approximately to scale 
R31 
lia. 
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4. Linear Bearing Assembly 
24 
H 
al 
Linear bearing 
Bearing 
spacer 
5 deep typ. 
Linear bearing 
I- 10 
1- 16 
1 
All dimensions in mn-L 
Drawing approximately to scale 
161 
5. Bearing Assembly and Vertical Alignment Rod Holes 
Aligmnent rods 
Bearing shaft 
IZ 
Bearing sleeve 
Holding screws 
M6 x 15 deep typ. 
r-(D- 
Bearing spacer 
Linear bearings 
I -, 6 
25 
36 
50 
All dimensions in mm. 
16 Drawing approximately to scale 
8mm dia. holes 
for alignment 
rods 
r. 
22 
162 
6. Alignment Rods and Brace 
ii I 
II I 
II 
III 
II I 
1.4. _4 L.. 1.... I 
I 
I" -- 
All dimensions in mm. 
Drawing approximately to scale 
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7. Shaft Alignment Device and Rod Spacer 
8 
rD)7 
.1 35 
8mm dia. 
locking screw 
16 
8mm dia. holes 
for alignment 
rods 
30 
All dimensions in mm. 
Drawings approximately to scale 
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1.4 16 No 
Appendix 11 
Preliminary Experimental Results 
Clcat Type Vertical Initial Sinkage (mm) Slip Distance Horizontal 
Load (kg) Sinkage (mm) Front Rear (mm) Load (kg) 
bxdxh (no taper) 10 22 45 43 47 5.5 
bxdxh (no taper) 10 23 43 43 53 5.0 
bxdxh (no taper) 10 23 43 45 49 4.5 
bxdxh (no taper) 5 7 26 34 42 3.5 
bxdxh (no taper) 5 7 42 40 49 4.0 
bxdxh (no taper) 5 13 35 32 34 3.5 
bx 3d xh (no taper) 20 1.5 25 23 24 5.5 
bx 3d xh (no taper) 20 1.5 25 10 20 6.0 
bx 3d xh (no taper) 20 1.5 25 16 20 6.0 
bx 5d xh (no taper) 20 0.5 27 19 35 7.0 
bx 5d xh (no taper) 20 0.5 16 17 21 6.0 
bx 5d xh (no taper) 20 0.5 27 23 24 6.5 
Table 1: Results of initial tests on unprepared sand (vertical shaft) 
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Cleat Type Vertical Initial Rear Sinkage Front Sinkage Slip horizontal 
Load Sinkage (mm) (mm) Distance Load (kg) 
(kg) (mm) actual flow actual flow (mm) 
bxdxh (no taper) 20 27 43 45 44 46 43 6.5 
bxdxh (no taper) 20 32 42 44 44 47 44 6.5 
bxdxh (no taper) 20 32 43 46 45 48 43 6.0 
bxdx h/2 (no taper) 20 18 35 35 32 38 37 7.0 
bxdx h/2 (no taper) 20 2 32 38 39 42 40 8.0 
bxdx h/2 (no taper) 20 2 45 41 42 44 45 8.0 
bx 3d xh (no taper) 20 0.5 26 22 21 16 31 5.5 
bx 3d xh (no taper) 20 0.5 30 32 24 17 49 6.4* 
bx 3d xh (no taper) 20 0.5 24 25 19 22 49 6.8* 
bx 5d xh (no taper) 20 0.5 20 26 24 32 84 10.0 
bx 5d xh (no taper) 20 0.5 13 16 19 34 69 10.0 
bx 5d xh (no taper) 20 0.5 is 19 18 30 70 9.5 
bxdxh (taper) 20 26 36 39 40 44 29 7.0 
bxdxh (taper) 20 29 41 43 45 47 22 8.0 
bxdxh (taper) 20 28 42 44 43 47 33 8.0 
b/2 xdxh (no taper) 20 43 54 61 54 59 33 10.5 
b/2 xdxh (no taper) 20 43 58 64 58 63 34 10.0 
b/2 xdxh (no taper) 20 43 45 55 46 52 32 10.5 
*Density exceeding acceptable range 
Table 2: Initial results of tests on prepared sand 
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Appendix III 
Program Flow Chart For Interacting Quadrilateral Shear Zones 
Enter geomety md I 
soil/sole propefties 
I 
I Enter a.,,, a,,, p, a,.,, d 
I 
ap = ap stait 
a. = a. start 
Solve for geometry of 2 1 
quadrilaterals 
I 
Solve for forces on 2 1 
quadrilaterals 
I 
Calculate net horizontal force, I 
Ttt 
I 
lxp ý ctp + ap tp 
Tto < Ttt min 
* yes 
Tt,, t = Tt,, t min 
no 
ap 2: ap end 
yes 
a. > a, end -ýý no 
yes 
STOP 
a, = a, + as stcp 
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Appendix IV 
F Table: F. 1offl, fi), 90% Confidence 
Nuraber of degrees of freedom of numerator 
Number of degrees of freedom of denominator 
A 
rk 
23 456 89 to 12 13 20 24 30 
-4 
-V 40 120 
1 39.364 49-SW 53.593 55.833 57.241 53-M& 59.439 59.08 60.195 60.7W 61MO 61.740 67-OM 67 26 52-4n 62.7,94 63.061 63.328 
2 8-5m 9.0001) 9.1618 9.2434 9-13M 9-35: 53 9.3491 9-Ma 9.330 9.3916 9.4081 9.4247 9.4413 9.4496 9.4579 9.4w 9.4746 9.4929 9.4913 
3 3.3383 5.4624 3-VM 3.34Z7 5-3w- ;! -, u7 1: 66-1 3mll S. 2400 5.2304 5.2156 5-M 5.1"s 5.1764 5.1681 !. 1597 5.1512 5.1425 5.1337 
4 4.5448 4.3246 4.1908 4.1073 4.0506 4.0098 3.9790 3.9549 3.9337 3.9199 3.3953 3.8689 3.3443 3.3310 3.8174 3.3036 3.7,986 3.7753 3.7607 
5 4.0604 3.7797 3.6193 3-52M 3.4530 3--*U 3.3679 3.3393 3.3163 3.2974 3. M 3-2380 3. M 3.1905 3.1741 -'-. 1573 3.1401 3.1223 3.1050 
6 3.7760 3.4633 3.2888 3.1808 3.1075 3.054 3.0145 2.9830 2.93n 2.9369 2-9047 2MI2 2.063 2.8183 2.30) 1312 17,630 2.7423 2. r-n 
7 3-M% 3M74 3.0741 2.960 2.8833 Z-1: 74 17349 2.7316 2.7247 2.7023 2.6691 2.6322 2.5W 2jm 2-5335 =4331 2.3141.2.4928 2.4708 
a 3.4M 3.1131 2.9238 Z. 3064 2. r-65 Z. 6693 16241 2.5893 2.5612 2-SM 2-5020 2.4642 2.4246 2.4041 2-111M :.. -: 614 1.3391 Z. 3162 2-'V-6 
9 3-3603 3.0063 2.8129 2.6927 L6106 "-. L409 Z-W L4594 2.4403 L4163 2.3739 2.3396 221M 2-1768 2-14-170 : zm '208 2.1343 2.1592 
10 3. = L9245 2.7277 2.6033 2.5216 Z. 4606 Z. 41-10 2.3772 2.3473 2.3226 2-U41 2.2433 2-VO 2.1734 Z. IL'L Z. 1317 2.1or- 1.0813 2.05S4 
It 3.2252 2.8595 2.66M 2.5362 2.4511 : -m 1 -'1416 2-IM 21M 2-1482 !. M 2.1671 11230 2.1000 L076-1 10316 2.0261 1.9997 1-972-1 
12 3.1763 2.31M 2.6w 1.4801 2.3940 -"t3lo , 2.2446 2.2135 2.1878 2.1474 2.1049 2.0597 2.0360 2.0113 .. 9m 1 1.9597 1.9323 1.9036 
13 11362 2.7632 LUM 2.4337 2. W, ! -'= 2M41 L1953 2.1638 L 1376 2.0966 2.0532 2.0070 1.9827 1.95-76 :. 9315 1.9Oq4ý3 1.87512 -LL441 
14 3.1022 L726S 2.5= 2.3947 23M 2-2426 2.1931 2.1539 2.1220 2.0954 2.0337 10093 1.9623 1.9377 1.9119 I. US2 I. Ssr- 1.8280 1.7973 
15 3.0732 L6932 2.4898 2-3614 21M =41 2.1532 11185 L0862 2.0593 2.0171 1.9722 1.9243 1.30) I. 11= U454 1.3168 1.7867 1.7551 
16 3.0481 2.6692 2.4618 2-W 2.2438 2.1-033 2.1230 2.0880 10533 2.0281 IAM 1.9399 1.8913 Lum LIM 1.3108 1.71116 1.7507 1.7192 
17 3.0262 2.6446 2.4374 2.3077 2-1193 -'IP-4 1.1017 2.0613 2.0294 2.0009 1.9m 1.9117 1.8624 IMA2 1.3090 I. -M 1.7506 1.7191 1.606 
Is 3.0070 L6239 2.4160 , IS L1958 -, I -'% 2.073S 2.0379 L0047 1.9770 1.9333 I. Sm IXW 1.3103 I. M7 1.7537 1.7.132 1.6910 1.6567 
19 2.9899 2.6036 2.3970 22W 2.1760 11094 '-O-M 2.0171 1.9&M 1.9557 1.9117 1.8647 11.111421 1.7873 1.7591- L-299 1.69U 1.6659 1.6308 
20 2.9747 2. S893 L3301 2-1489 L1582 2.0913 ZAW 1.9983 1.9649 1.9367 I. M4 1 J"9 1.7933 1.7667 1.7332 1.7083 1.6769 1. "33 I. W74 
21 2.9M L5746 2-IN9 ZM33 2.1423 2.0751 2. r-n 1.9819 1.9480 1.9197 1.11M 1.82n 1.7756 1.7481 1.7193 ISM 1.6569 1.622S 1-5862 
22 2.9436 2.5613 2.3312 2-9193 L1279 ZAM 2AM 1.9669 1.9327 1.9043 1.003 1.8111 1.7390 1.7312 UMI 1.6714 1.6389 1.6042 1.5668 
23 19374 2.5493 Z3387 2.200 2.1149 zzm 1.99gg 1.9531 1.9189 I. Sm I. 8m 1.7964 1.7439 1.7159 1.6664 IASM 1.6"-4 1.5871 1.5490 
24 2.9271 LSM 2-UU 2.1949 11030 ZMSI 1.91126 1.9407 1,9063 1.8773 1.8319 1.7831 1.730? 1.7019 1.6r. 1 1.6307 1.603 I. S713 IJ327 
23 2.9177 2. Sn3 2.3170 2.1843 LOM 2.0241 1.9714 1.9292 Law 1.8548 1.11M) 1.7708 1.7173 1.601) 1.6589 1.6272 1.5934 I. SSM 1: 5176 
26 2.9091 2.5191 2.3075 1.1743 2.08"- Z. 0139 I. %10 1.9in I. Si4l I. &M 1.8090 1.75% 1.7059 1.6771 IA49 1.6147 1 -M 1.5437 IM6 
27 2.9012 2.5106 2.2987 ZASS 2.0730 Z. 0045 1.9513 1.9091 1.8743 1.8431 1.7989 1.7492 1.6951 1.6662 1.6356 1.6032 I. Sw 1.5313 1.4906 
28 2.8939 MM 2-im 2.1371 2.0613 1.9m 1.94-17 1.9001 1.802 1.3359 1.7M 1.7393 1.69n I. &SM 1.62n I.. Tw 1.5s? s 1.3199 1.47P 
29 2.3271 2.4955 2.2831 2.1494 2.0566 LWO 8 1.9345 1.8918 M560 1.8274 1.73M 1.7306 1.6759 1.6"s 1.61ss I-mas 1.54r- 1.5m 1.4670 
30 18807 2.4887 L2761 2.14n 2.0491.1.9803 1.9269 1.1341 1.3498 1.8195 I. T727 1.7223 1.6673 1.6377 1.6063 1 Sm IJ376 1.4989 1.4364 
40 Z8354 14406 zX61 zom 1.9%8 1.9269 I. Sm I. ang 1.7929 1.7627 1.7146 1.6624 I. 6w I-S741 1.5411 I-sm 1.471- 1.4242 1.3769 
60 2.7914 2.3932 LIT74 10410 1,9457 IJ747 IJISW 1.7748 1.7330 1.7070 I. 6S74 1.6034 1 -SM 1.3107 1.4733 .p 1.4373 
IJ94 
. L3476 1.29 13 
120 1-7479 2-3473 113M 1.99M 1.11M I Ju, a 1.767S 
I 32M 1-6843 1.6324 1.6012 1-5m J. 41121 1.4m IAM4 1.3676 13=3 11646 1.1926 
=1 2.7053 2.3026 2.0611 1.9449 1.3473 1.77,41 1.71" 1.6702 1.6313 I-W 1.5458 1.4871 1.4206 IJ&12 IJ410 I-V51 1.24W 1.1686 1.0m 
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F Table: Foj(fj, f2), 99% Confidence 
f, - Number of degrees of freedom of numerator 
f2 = Number of degrees of freedom of denominator 
to 
f3 
123436 7a9 10 12 15 3D 34 30 40 so 12D 30 
I 4OS21 4M. 3 54033 5624.6 5763.7 SM. 0 5928-3 5991.6 6022 605S. 3 6106.3 61373 62093 6234.6 6260.7 6286.3 6313.0 6339.4 6366.0 
2 99-503 99-OW ". 166 ". 249 "1" 99-332 "-356 99.374 99-M "JAN 99-415 ". 432 ". 449 ". 458 ". 466 99.474 99.483 ". 491 99.501 
3 34.116 30.217 29.457 28.710 29.237 27.911 2.17.672 X7.489 27.343 27.229 27. OS2 26-M 2i&690 26.598 26.505* 26.411 26.316 26.221" 2A 125 
4 21.198 13.000 16.694 15.977 13M 13-207 14.986 14.799 14.639 14-W 14.374 14.198 14.020 13.929 13.838 13.745 13.652 13.559 13.463 
3 16.258 13.274 IL060 IIJ92 10.967 10.672 10.456 10.289 10.158 10-051 9.8m 9.7222 9.35n 9.466S 9.3793 9-2912 9. MM 9.1119 9.0-104 
6 13.74S 10.92S 9.7m 9.1410 8.7459 3.4661 22600 L1016 7.9761 7. V41 7.7123 7-S590- 7.39SS 7.3127 7.2295 7.1432 7.0-W 6. %90 6.8801 
7 12.246 9-U" 2.4513 7. W7 7.4604 7.1914 6.9928 6. &Qt 6.71U &6201 6A691 6.3143 6.1554 6.0743 3.9921 3.9084 3.8236 5.73r- 5.6495 
a 11-259 9.6491 7.3910 7.0060 6.6318 6.3707 6.1776 6.0289 3.9106 3.8143 3.6669 5.3151 3JS91 S. 2793 5.1991 3.1156 5.0316 4.9460 4.9588 
9 10-561 2.0213 6.9919 6.4221 6.0569 3.8013 3.6129 5.4671 5.3311 3.2563 5.1114 4.9621 4.3M 4.7290 4.6486 4.5667 4.4331 4.3978 4.3105 
10 10.0" 7.5594 6.3M 3.9943 3.6363 5-um S-Wol S. 0567 4-9424 4.34M 4.7059 4-M 4.4054 4-IM 4-2469 4.1653 4.0619 3.9965 3.9090 
11 9.6460 7-w? 6.2167 3.6683 3.3160 3.0692 42861 4.740-4.6315 4-3393 4.3974 4.2509 4.0990 4.02D9 3.9411 3AM 3.7761 3.6904 3.6025 
12 9.3302 6.9266 3.9sm SA119 3.0643 "206 4.6m 4.4994 4-M3 4.2961 4-ISS3 4.0096 32534 3.780 3.70019 3.6192 3-W3 3.44% 3-MW 
-9-0738 
6.7010 4.7394 3.2033 4.2616 4.62D4 4.4410 4-3021 4.1911 4.1003 3.9603 3.8134 3.6646 3-5M 3-SM 3.4253 3.3413 3.2348 3.1654 
14 L3616 6JI49 3-%N 5.0354 4.6950 4.4558 42M 4.1399 4.0297 3.9394 ISWI 3ASS7 3-5M 3AX74 3.3476 3.2M 3.1313 3.0942' 3.0040 
Is 3.6931 6.3589 5.4170 4.3932 4.55% 43193 4.1413 CONS IMS 3.3049 3.6662 3.5222 3.3719 3.2940 3.2141 3.1319 3.0471 L9595 2.8684 
16 11.5310 6126 411M 4.7726 4.4"4 4-1016 4.02" ISM 3.7804 3.6909 3-S. W 3.4089 3.2589 3. IWB 3.1007 3.0182 2.9330 2. W7 2.7528 
17 23M 6.1121 3.1m 4M90 4-IM 4.1015 3.9-267 3.7910 3.6U2 3-S931 3ASS2 3.3117 3.1615 IOM 3.0032 2.93DS 2.8348 2.7459 2.6530 
Is I-UU 6.0129 4.0919 4-SM 4.2479 4.0146 3.8406 3.7054 3-Ml 33M 3.3706 3.2773 3.0771 2.9990 2.9135 2.3354 2.7493 2.6597 " 2.5660 
19 8.1850 3.9239 3.0103 4.5M 4.1709 3.9336 3.7653 3.6303 3M2S 3.4338 3.2963 3.1333 3.0031 2.9249 2.9442 2-7608 2.6742 2.5i39 2.4993 
3D 3.0960 5.9.989 4.9382 4.4307 4.1027 3.8714 3.6987 3-%" 3.4567 3-MU 3.2311 IOM 2.9377 2.1m 2.7783 2.6947 2.6077 2.5168 1.4212 
21 8.0166 3.7304 4.2740 4-3w 4.0421 3.9117 3.6396 3-SM6 3-Ml 3.3M 3.1729 3.0299 2.8976 2.3011 2.7200 2.6359 2-5484 3.4568 2.3603 
22 7.9454 3.7190 4.8166 4-3134 3.9880 17513 3-1867 3-4530 3-UM 31M6 3.12D9 L9780 LXV4 2.7488 16675 2-5331 2.4951 2.40-19 2.3055 
23 7.3811 3.6637 4.7649 4.7A33 3.9392 3.710-1 3.5390 3AW 3-'M6 3.2106 3.0740 L9311 2-73W 2.7017 2.6202 2.5355 2.4471 2.3542 Z-=9 
24 7.8229 3.6136 4.7131 4.2194 IMI 3.6667 3.4959 3.3629 3-2560 3.1681 3.0316 LSU7 2.7380 1.6591 2-M3 2.4923 2.4033 2-10" 2.2107 
23 7.7696 35-680 4.6733 4.3774 3XM 3.62r. 3.4568 3.3239 3.2172 3.1294 2. MJ 2. &SQ2 2.6"3 2.6203 2-5383 2.4530 2.3637 2.2693 2.1694 
26 7.7213 3-3263 4.6366 4.14M 3.2123 3.5911 3-4210 32M 3.1218 3.0941 2.9579 2.3150 2.6640 2J848 2.5M6 Z. 4 "1 2.3273 2.2325 2.1315 
27 7.6767 SAUI 4.6OD9 4.1056 3.7W 3-UN 3-M 31M 3.1494 3.0618 L9M L7827 2.6316 I= 2.46" 2-1340 1.2938 2.1984 2.0965 
23 7.6356 3.4329 4-WI 4.0740 3.7539 3.51276 33541 32W 3.1195 3.0320 2.2959 175M 2.6017 2=2 2.4397 23333 2-25-19 1.1670 2.0642 
29 7.5976 3.4203 4.5M 4.0449 3. r-S4 3.4995 3.3301- 3.1982 3.092D 3.0045 2.86U 17256 2. S742 2.4946 L4118 ZJ253 2.2344 2.1378 2.0342 
30 7-5623 3-1904 4-M 4.0179 3.6990 3.4735 3-3043 3.1726 3.066S 2.9791 L3431 2.7002 2-S-197 2.4589 2.3860 2-1079 2.1107 2.0062 
40 7.3141 3-179S 4.3126 . 1.8293 3.5138 3.222910 3.1238 2. "30 2.3276 Law L6649 2-3216 2.3699 I= 2.2034 2.1142 2.0194 1.917.1 1.8047 
60 7.0771 4.9774 4.1259 3.6591 3.3389 11137 19MV '1823 2.7183 L6312 2.4961 2-= 2.1978 2.1154 2.0285 1.9360 I. Sw 1.71.63 JAM 
120 6-2510 4-7M 3.9493 3.4706 11735 2.95" Z. 7918 2.6629 2-UM L4721 2-W 2-1913 2.0346 1-95W Law I. -, fiN 1.6537 1.5330 1.3805 
OR 1 6-6N9 4.6052 3.7: 16 3.3192 3.0173 2.3020 Z. 6393 2-5113 2.4073 2-M9 LIM LOM 1.3713 1.7909 1.6964 1.5923 1.4730 13246 1.0000 
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